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ABSTRACT 
 
The overall goal of this research was to investigate extrusion and the effect of extrusion 
temperature (120 and 150oC) and moisture (20 and 24%) on the physical, functional and nutritional 
properties of raw and/or extruded Kabuli chickpea, sorghum and maize flours in the first study, as 
well as their blends (chickpea-cereal) in the second study. The extrudates were analyzed for 
physical properties—expansion ratio, bulk density and hardness, and were then milled into flours 
for functional properties including water hydration capacity, oil holding capacity, foaming 
capacity and stability, emulsion activity and stability, and pasting property; in vitro protein 
digestibility and in vitro protein digestibility corrected amino acid score were analyzed for 
nutritional properties, and were compared to the WHO/FAO requirement for protein quality to 
determine the feasibility of the blends to be used as a food aid product or other potential 
applications. Nitrogen solubility and thermal properties were analyzed for some samples to 
demonstrate the effect of extrusion on protein solubility and starch gelatinization respectively.  
The effect of extrusion temperature and moisture on different properties varied among 
samples. Generally, higher temperature and lower moisture content resulted in greater expansion, 
less hardness and bulk density. Extrusion reduced protein solubility and gelatinized/melted all 
detectable starch, which affected the functional and nutritional properties of the flours. Extrusion 
significantly increased (2-3 times) water hydration capacity, whereas decreased pasting viscosities 
(8-40 times) due to shear and gelatinization of starch. Oil holding capacity slightly decreased for 
the blends but remained relatively unchanged at the same level for the individual flours. None of 
the extruded samples showed foaming activity. Emulsion properties varied for the individual flours 
but showed a general decrease for the blends. Extrusion did not improve protein quality (in vitro 
protein digestibility corrected amino acid score) of the blends by much due to the loss of limiting 
amino acid lysine. Only chickpea-maize blend reached the 70% requirement by WHO to be used 
as food aid for the moderately malnourished. The great hydration property of the extrudates 
indicates the potential use as instant cold/hot beverage or porridge. 
 
 iii 
 
 
 
 
ACKNOWLEDGEMENTS 
 
I would like to give my greatest gratitude to my supervisor Dr. Michael Nickerson and co-
supervisor Dr. Shannon Hood-Niefer for my master’s program. Their doors were always open 
when I needed help and guidance. I have received great support from Dr. Nickerson in my decision 
on taking extracurricular project that he deemed beneficial even at the price of prolonging this 
research. I would also like to thank my advisory committee, Drs. Yongfeng Ai, and my past and 
present committee chairs, Drs. Supratim Ghosh and Takuji Tanaka, as well as my external 
examiner Dr. Rex Newkirk for their time, insights and recommendations.  
I would like to give thanks to Matthew Nosworthy (University of Manitoba) who 
generously shared methods for this research and Andrea Stone, Yuanlong Cao, Connie Briggs, 
Erin Hopkins, Kelsey Waelchli, Constance Chiremba, Tian Bai and Maria Martinez for training 
and academic support during my research. Thank you to all the amazing staff, faculties and 
students in the Department of Food and Bioproduct Sciences for creating a helpful, kind and 
friendly environment. 
I can’t express my gratitude enough for the extraordinary training and opportunities 
provided by ITraP (Integrated Training Program in Infectious Disease, Food Safety and Public 
Policy) through the Western College of Veterinary Medicine funded by NSERC. Great thanks are 
given to Dr. Vikram Misra, the program leader, and Dr. Elizabeth Mumford, my supervisor during 
the two-month internship at the World Health Organization (HQ), for the experience of a life time. 
I would like to give special thanks to my family and friends, who love and support me all 
the way. I could not have gone this far without them. 
Last but not least, I would like to express my gratitude to the Saskatchewan Food Industry 
Development Centre Inc. for providing the raw ingredients and access to the extruder for this 
research. I would also like to give special thanks to Aaron Pidskalny and Matthew Marcotte for 
the support they provided during extrusion and milling. Great thanks are given to the Global 
Institute for Food Security and the Saskatchewan Agriculture Development Fund for the financial 
support. 
 iv 
 
 
 
 
TABLE OF CONTENTS 
 
Page Number 
PERMISSION TO USE ................................................................................................................... i 
ABSTRACT .................................................................................................................................... ii 
ACKNOWLEDGEMENTS ........................................................................................................... iii 
TABLE OF CONTENTS ............................................................................................................... iv 
LIST OF TABLES ......................................................................................................................... vi 
LIST OF FIGURES ....................................................................................................................... ix 
LIST OF SYMBOLS AND ABBREVIATIONS .......................................................................... xi 
 
1. INTRODUCTION ...................................................................................................................... 1 
1.1 Overview .......................................................................................................................... 1 
1.2  Hypotheses ....................................................................................................................... 2 
1.3  Objectives ......................................................................................................................... 2 
 
2. LITERATURE REVIEW ........................................................................................................... 4 
2.1  Food security and food assistance products ..................................................................... 4 
2.2  Pulses ................................................................................................................................ 6 
2.3  Cereals .............................................................................................................................. 7 
2.4  Starches in pulses and cereals .......................................................................................... 8 
2.5  Extrusion cooking .......................................................................................................... 10 
2.6  Factors impacting extrusion ........................................................................................... 15 
2.7  Effect of extrusion parameters on physical properties ................................................... 19 
2.8  Effect of extrusion on nutritional properties of extrudates ............................................ 22 
2.9  Effect of extrusion on functionalities of extrudates ....................................................... 26 
 
3. MATERIAL AND METHODS ................................................................................................ 35 
3.1  Materials ......................................................................................................................... 35 
 v 
 
3.2  Extrusion ........................................................................................................................ 35 
3.3  Physicochemical properties ............................................................................................ 36 
3.4  Functional properties ...................................................................................................... 37 
3.5  Nutritional properties ..................................................................................................... 40 
3.6  Statistical analysis .......................................................................................................... 41 
 
4. RESULTS AND DISCUSSION ............................................................................................... 42 
4.1 The impact of extrusion conditions on the physical properties of chickpea, sorghum and 
maize extrudates, and the functionality of their raw and pre-cooked flours ............................. 42 
4.1.1 Composition of raw and precooked flours .............................................................. 42 
4.1.2 Physical properties of the extrudates  ..................................................................... 47 
4.1.3 Functional properties .............................................................................................. 51 
4.1.4 Protein quality of raw chickpea, sorghum and maize flours ................................... 65 
4.2  Effect of blending ratio on the composition and protein quality of raw chickpea-cereal 
flours ......................................................................................................................................................71 
4.2.1  Selection of blend ratio based on composition and nutritional properties of the raw 
chickpea-cereal blends ............................................................................................................. 71 
4.2.2  Physical properties of extrudates from blended chickpea-cereal flours ................. 72 
4.2.3  Composition of raw and pre-cooked chickpea-cereal flours .................................. 78 
4.2.4  Functionality of raw and precooked chickpea-cereal flours ................................... 79 
4.2.5  Protein quality of raw and precooked chickpea-cereal flours ................................. 87 
 
5. OVERALL CONCLUSIONS ................................................................................................... 93 
 
6. FUTURE STUDIES.................................................................................................................. 96 
 
REFERENCES ............................................................................................................................. 98 
 
APPENDIX A ............................................................................................................................. 127 
 
APPENDIX B ............................................................................................................................. 132 
 vi 
 
 
 
 
LIST OF TABLES 
 
Page Number 
Table 2.1   Proportion of ingredients in a corn-soy blend (CSB13) (USDA, 2008) ……………......6 
 
Table 2.2   Manufacturer standard pasting profiles (Perten Instruments, 2015)  ............................. 31 
 
Table 4.1   Proximate composition of raw and pre-cooked flour of chickpea, sorghum and maize. 
The pre-cooked flour represents a composite of two extrusion runs. Data represent the mean of 
triplicate measurements on the composite flour ± one standard deviation (n = 3). Data is reported 
on a dry weight basis, d.b. Only one measurement was made on the crude lipid …………..…….. 43 
 
Table 4.2a An individual degree of freedom (orthogonal) contrast analysis performed using the 
general linear model for chickpea, contrasting: raw vs. pre-cooked flours, 20% vs 24% moisture 
(within the extruder), 120oC vs. 150oC (within the extruder), and the moisture x temperature 
interaction ………………………………………………………………………………………….……...….44 
 
Table 4.2b    An individual degree of freedom (orthogonal) contrast analysis performed using the 
general linear model for sorghum, contrasting: raw vs. pre-cooked flours, 20% vs 24% moisture 
(within the extruder), 120oC vs. 150oC (within the extruder), and the moisture x temperature 
interaction ………………………………………………………………………………………….…..……..45 
 
Table 4.2c  An individual degree of freedom (orthogonal) contrast analysis performed using the 
general linear model for maize, contrasting: raw vs. pre-cooked flours, 20% vs 24% moisture 
(within the extruder), 120oC vs. 150oC (within the extruder), and the moisture x temperature 
interaction …………………………………………………………………………………...……………..…46 
 
 vii 
 
Table 4.3    Physical properties of raw flour and extrudates of chickpea, sorghum and maize …….48 
 
Table 4.4   Functional properties of raw and pre-cooked flour of chickpea, sorghum and maize. 
The pre-cooked flour represents a composite of two extrusion runs. Data represent the mean of 
triplicate measurements on the composite flour ± one standard deviation (n = 3) …………….…….53 
 
Table 4.5   Pasting properties of raw and pre-cooked flours of chickpea, sorghum and maize.  The 
pre-cooked flour represents a composite of two extrusion runs. Data represent the mean of 
triplicate measurements on the composite flour ± one standard deviation (n = 3) ...…….…………..54 
 
Table 4.6   Amino acid scores and protein quality data of raw and pre-cooked flours of chickpea, 
sorghum and maize. The pre-cooked flour represents a composite of two extrusion runs ……….66 
 
Table 4.7   Proximate composition and protein quality for raw chickpea, sorghum and maize flours, 
along with chickpea-cereal blends at blending ratios of 5:5, 6:4, 7:3 and 8:2  ................................. 73 
 
Table 4.8   Physical properties of chickpea: sorghum and chickpea: maize extrudates blended at a 
6: 4 ratio, as a function of moisture and barrel temperature …………………………………………..74 
 
Table 4.9a    An individual degree of freedom (orthogonal) contrast analysis performed using the 
general linear model for a chickpea: sorghum flour blends at a 6: 4 ratio, contrasting: raw vs. pre-
cooked flours, 20% vs 24% moisture (within the extruder), 120oC vs. 150oC (within the extruder), 
and the moisture × temperature interaction ………………………………………...…………………….75 
 
Table 4.9b     An individual degree of freedom (orthogonal) contrast analysis performed using the 
general linear model for a chickpea: maize flour blends at a 6: 4 ratio, contrasting: raw vs. pre-
cooked flours, 20% vs 24% moisture (within the extruder), 120oC vs. 150oC (within the extruder), 
and the moisture × temperature interaction ...…………………………………………………………….76 
 
 viii 
 
Table 4.10 Proximate composition and functional properties of raw and pre-cooked chickpea: 
sorghum and chickpea: maize flour blends at a 6: 4 ratio as a function of moisture and barrel 
temperature. The extruded flour represents a composite of two extrusion runs ……………………..81 
 
Table 4.11 Pasting properties of raw and pre-cooked chickpea: sorghum and chickpea: maize 
flour blends at a 6: 4 ratio as a function of moisture and barrel temperature. The extruded flour 
represents a composite of two extrusion runs. Data represent the mean of triplicate measurements 
on the composite flour ± one standard deviation (n = 3) ………………………………………………..82 
 
Table 4.12 Amino acid scores and protein quality data of raw and pre-cooked chickpea: 
sorghum and chickpea: maize blends at a 6: 4 ratio as a function of moisture and barrel temperature. 
The extruded flour represents a composite of two extrusion runs ……………………………………..89 
 
 
 
  
 ix 
 
 
 
 
LIST OF FIGURES 
 
Page Number 
Figure 2.1  Screw design for twin-screw extruder: (a) Co-rotating and non-intermeshing, (b) 
counter-rotating and non-intermeshing, (c) co-rotating and intermeshing, and (d) counter-rotating 
and intermeshing (taken from Guy, 2001) ………………………………………………………..………12 
 
Figure 2.2  Typical screw elements: (A) right-handed element, (B) left-handed element, (C) 
kneading block front view, and (D) side view (Teixeira et al., 2006 with some modifications) …..12 
 
Figure 2.3    Cross-section of a typical single-screw food extruder (taken from Middleman, 1977)    
……………………………………………………………………………………………….……………………….14 
 
Figure 2.4   Three screw profiles. Screw elements at the end of the screw are different. Profile 1 
has a forward flight; profile 2 has a reverse flight; profile 3 has a no-flight element (taken from 
Yeh et al., 1992) …………………………………………………………………………………….………..22 
 
Figure 2.5  Typical pasting curve of starch measured by a rapid viscoelastic analyzer using 
Standard 1 profile …………………………………………………………………………………..………..31 
 
Figure 4.1   RVA profile for raw and extruded chickpea (A), sorghum (B) and maize (C) flours 
(screw speed: 317 rpm; feed rate: 14 kg/h) ……………………………………………………………….60 
 
Figure 4.2    DSC thermograms of (A) raw and (B) pre-cooked chickpea, sorghum and maize flours 
(Extrusion temperature: 120oC; screw speed: 317 rpm; moisture content: 20%; feed rate: 14 kg/h) 
 ........................................................................................................................................................................... 65 
 
 x 
 
Figure 4.3  RVA profile for raw and extruded (A) chickpea-sorghum and (B) chickpea-maize 
flours (screw speed: 317 rpm; feed rate: 14 kg/h) ……………………………………………………….86 
 
Figure 4.4  DSC thermograms of (A) raw and (B) extruded chickpea-sorghum and chickpea-   
maize flours (Heating rate=10oC/min. Extrusion temperature: 120oC; screw speed: 317 rpm; 
moisture content: 20%; feed rate: 14 kg/h) ……………………………………………………………….87 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 xi 
 
 
 
 
LIST OF SYMBOLS AND ABBREVIATIONS 
 
 
AA Amino acid(s) 
AACC American Association of Cereal Chemists  
AAS Amino acid score 
ANOVA Analysis of variance  
AOAC Association of Official Analytical Chemists  
BCAAs Branched-chain amino acids 
BD Bulk density 
BV Breakdown viscosity 
CFIA Canadian Food Inspection Agency 
CIDA Canadian International Development Agency 
cP Centipoise 
CSB Corn soy blend 
d.b. Dry basis 
DSC Differential scanning calorimetry 
EA Emulsion activity 
EAA Essential amino acid 
ER Expansion ratio 
ES Emulsion stability 
FAO Food and Agriculture Organization of the United Nations 
FBFs Fortified Blended Foods 
FA Foaming activity 
FFP Food for Peace program 
FS Foaming stability 
FV Final viscosity 
GMO Genetically modified organism 
HD Hardness 
 xii 
 
HPLC High performance liquid chromatography 
HTST High temperature short time 
IVPD In vitro protein digestibility 
IV-PDCAAS In vitro protein digestibility corrected amino acid score 
kDa Kilodalton 
L/D Extruder length-to-diameter 
N Newton 
NGO Non-governmental organization 
OHC Oil holding capacity 
PDCAAS Protein digestibility corrected amino acid score 
PER Protein efficiency ratio 
pH Acidity in logarithmic scale 
PV Peak viscosity 
RDI Reasonably Daily Intake 
RTD Residence time distribution 
RUF Ready-to-use food 
RVA Rapid viscosity analyzer 
SAA Sulphur amino acid(s) 
SFIDC Saskatchewan Food Industry Development Centre Inc. 
SME Specific mechanical energy 
SV Setback viscosity 
TPD True protein digestibility 
TV Trough viscosity 
UN United Nations 
USAID United States Agency for International Development 
USDA United States Department of Agriculture 
WFP World Food Programme 
WHC Water hydration capacity 
WHO World Health Organization 
 1 
 
 
 
 
1. INTRODUCTION 
 
1.1 Overview 
The demand for food, especially for the people in the least-developed countries, is 
becoming urgent as the global population grow towards 9 billion by the middle of this century 
(Godfray et al., 2010). The Food and Agriculture Organization (FAO) of the United Nation (UN) 
estimated in 2013 that 843 million people (about a seventh of the global population) are chronically 
in hunger, and even more are suffering from nutrient deficiencies (FAO, 2013). Protein, 
specifically, is seemingly the most lacking macronutrient. About one billion people worldwide 
have inadequate protein intake (Ghosh et al., 2012), with 10% to 30% children in central Africa 
and South Asia are protein malnourished (Grover and Ee, 2009). To alleviate the existing 
competition for energy, land and water between livestock and human beings, alternative food 
choices with innovative, plant-based, protein-rich foods should be made possible.  
Epidemiological studies over the years have shown consistently that consumption of whole 
grains, the fruit or seed of plants in the Gramineae family of grasses, such as wheat, rice, barley, 
corn, oats, millets can lower the risk of cardiovascular disease, diabetes (He et al., 2010), metabolic 
syndrome (Sahyoun et al., 2006) and certain types of cancer (Jacobs, 1998). Similar benefits are 
also observed in consumption of pulses which are dried seeds from legume family such as bean, 
pea, lentil, and chickpea (Rebello et al., 2014). Both cereals and pulses are important sources of 
starch, dietary fibers and protein in human diet and animal feed. However, compare to cereal, pulse 
consumption is only limited to certain region and culture (Alizadeh and da Silva, 2013). 
Traditionally, cereal products can be consumed along with pulses to obtain a synergistic effect on 
protein quality (Rebello et al., 2014). When pulses, high in lysine and low in Sulphur containing 
amino acid (cysteine and methionine), are consumed with cereals, which are higher in Cys and 
Met but lack lysine, a complete amino acid profile is achieved. 
Extrusion is a continuous high-temperature-short-time (HTST) process, during which the 
material is pushed by a piston or a screw under pressure and shear through a die with a given shape 
(Brnčić et al., 2006). This homogeneous and consistent heating process allows efficient production 
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of high quality final products with minimum waste. Since the process involves a combination of 
pumping, mixing, kneading, heating and cutting all in one process, and can result in a preferred 
appearance and texture, extrusion technology has been widely used in the food industry in cereals, 
snacks, pet food, feed, confectionery products, modified starches, baby food, instant foods and 
more. Extrusion is also a good way of processing pulses because of its versatility and flexibility as 
well as the ability to reduce and inactivate bioactive factors that are naturally present in pulses, 
and reduce cooking time when incorporated into products.  
As the need and interest in the use of pulses in food grows in many developed countries 
(Boye et al., 2010), more and more pulse-based foods are being introduced to the current market 
(Asif et al., 2013), and therefore additional studies in this area are required. Although there are 
some studies on the effects of extrusion conditions on the nutritional and functional values of 
pulses, few are found which compare those values of pulse-cereal mixture before and after 
extrusion. In this study, two mixtures (kabuli chickpea and maize, kabuli chickpea and sorghum) 
were extruded, and the nutritional value and functional properties of the raw and pre-cooked flours 
were examined under different extrusion conditions.  
 
1.2  Hypotheses 
The following hypotheses will be tested in this research: 
• Blending pulse flour with a cereal flour will improve the nutrional value of the mixture  
compared to a single type of flour. 
• Extrusion conditions, specifically temperature and moisture, have interactive effect on 
physical properties (hardness, expansion ratio, bulk density) of extrudates.  
• Extrusion process will improve the nutrition of flours by increasing their bioavailablity 
as a result of the cooking effect. 
• Extrusion process will improve functionalities of flours due to the cooking effect. 
 
1.3  Objectives 
The following objectives will be included in this research:  
• To study the nutrional properties of chickpea, sorghum, maize flours and their blends. 
• To study the effect of extrusion conditions on physical properties of chickpea, sorghum, 
maize extrudates and their blends. 
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• To study the effect of extrusion conditions on nutritional properties of chickpea, 
sorghum, maize flours and their blends. 
• To study the effect of extrusion conditions on functional properties of chickpea, 
sorghum, maize flours and their blends. 
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2. LITERATURE REVIEW 
 
2.1  Food security and food assistance products 
In 2050, the United Nation’s Food and Agriculture Organization estimates the global 
population to reach 9 billion people (Godfray et al., 2010). As a result, supplying the world’s 
population with high quality nutritious protein sources will represent significant challenges to 
overcome to ensure a secure food supply. There have been several proposals put forth to tackle 
some of these challenges, including increasing the agricultural land mass; increasing food 
production limits through genetic modification; reducing food waste; improving food-chain 
infrastructure and storage technologies in developing countries (Nellemann, 2009); and changing 
diets (Steinfeld et al., 2006).  
Canada and other G-7 (+1) leaders pledged $20 billion to support a global effort to 
strengthen agriculture in developing countries at a 2009 Summit (Clinton, 2009). Canada has 
always been a strong partner to the United Nations (UN) in battling global food insecurity. Efforts 
have been made in the areas of research, sustainable agriculture development, and various food 
programs (David, 2012). At the G-8 Summit in L’Aquila in 2009, Canada contributed $600 million 
to the New Alliance for Food and Nutrition Security through the bilateral and multilateral 
programs of Canadian International Development Agency (CIDA), which elevated its total support 
to 1.18 billion, and became the first country to meet its commitment later in 2011 (David, 2012). 
Later in 2012, CIDA contributed another $219 million to the New Alliance, with focuses on 
bilateral food security programs in Ghana and Ethiopia, innovative nutrition research and 
technologies and food security programs (David, 2012).  
Programs like the World Food Programme (WFP) of UN (WFP, 2017) and Title II or Food 
for Peace (FFP) program of the U.S. Agency for International Development (USAID) have been 
working to feed vulnerable populations in the underdeveloped countries since 1960s (USAID, 
2017). In 2008, the U.S. committed $2.3 billion to the FFP, through which distributed 2.3 million 
metric tons of food to 50 million people in 49 countries (USAID, 2008). Title II commodities 
currently used as food assistance include Fortified Blended Foods (FBFs) such as corn-soy blend 
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(CSB), wheat-soy blend (WSB), pulses and legumes enriched cereal blends (e.g. soy fortified 
bulgur), and staple grains coupled with fortified vegetable oil, all of which are fortified with 
micronutrients (Webb, 2011). FBFs were first developed in the 1960s by the U.S. government to 
serve as nutrient-dense food supplement for preschool-aged children in developing countries 
(Senti, 1974). FBFs based on cereal are the most nutrient-dense products developed and distributed 
by the FFP program. They are typically used to supplement the overall diet of the most food 
insecure population such as infants, children, lactating and pregnant women, and HIV affected 
individuals (Fleige et al., 2010).  Corn and wheat were the basic cereal components, and skim milk 
powder and soy flour were used as protein supplements. Corn soy milk, used for the domestic 
young children in the food program, was the original U.S. FBF that aimed to provide 25% of the 
energy requirement of young children and supplement vitamins and minerals with the exception 
of vitamin C. In the 1980s, the use of a corn-soy blend (CSB) largely replaced the use of corn-soy 
milk due to the shortage in skim milk powder. Today, the CSB is still the most widely used FBF 
product (Marchione, 2002; Webb, 2011). CSBs contain gelatinized (partially cooked) cornmeal 
prepared from de-hulled, degermed and shelled yellow corn, defatted (toasted) soy flour, soybean 
oil (refined, deodorized and stabilized) and supplement of minerals and vitamin antioxidant 
premix. The proportions of the ingredients are listed in Table 2.1 (USDA, 2008). CSB13 from 
2008 and an upgrade, CSBP2, since 2014 are two of the CSBs used for exported programs by the 
USDA. CSBs are usually consumed as porridge or gruel by mixing an indicated proportion of flour 
and clean water followed by 10 to 15 min of boiling (USDA, 2014). Uncooked/partially cooked 
CSB or CWB are prone to spoilage, oxidation and segregation, and particle size variation resulted 
in poor mineral distribution, which decrease the nutritional value of the blend for the already 
malnourished. Bliss (2011) reported in a USDA document that Onwulata worked on the 
development of instant corn soy blend (ICSB) to enhance the nutritional value of the blends, which 
is cooked by extrusion, and can be stirred with potable drinking water (Bliss, 2011).   
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Table 2. 1 Proportion of ingredients in a corn-soy blend (CSB13) (USDA, 2008). 
Ingredients % by weight 
 
 
Gelatinized cornmeal 
 
 
69.6 
Defatted and toasted soy flour 
 
21.9 
Refined soybean oil 
 
5.5 
Minerals 
 
3.0 
Vitamin antioxidant premix 0.1 
 
 
CSBs has been used as a “one-size-fit-all” product for different age groups with significant 
variation in nutrition requirements, USAID commissioned a 2-year assessment of quality issues of 
Title II food aid products and gave recommendation as following: upgrade the macro- and 
micronutrient contents, increase protein quality (by adding whey protein concentrate), fat content, 
introduce new products that are nutritionally and culturally available in local area, introduce lipid-
based ready-to-use food (RUF), encourage the development of new cereal-based FBFs with the 
use of more accessible crops in terms of location and price in Africa (e.g. sorghum, pea or other 
pulses), and more recommendations to improve food assistance products (Rosenberg et al., 2011).  
Apart from being potentially capable of replacing CSB using other pulses and cereals, 
blending different crops may bring forth more applications than FBFs in food products due to the 
protein quality and functionality change, as well as the non-GMO and hypoallergenic property by 
avoiding corn and/or soy. 
 
2.2  Pulses 
Pulses, originated from the Latin “puls” which means thick soup or potage, and are the 
edible dry seeds within the legume family (Fabaceae or Leguminosae). The most common pulses 
are pea, lentils, chickpeas, faba bean and edible beans. Pulses are known for their nutritional value: 
a rising from their high protein, fibre and vitamin/mineral contents, and low levels of fat. Protein 
levels in pulses ranges from 18% to 30% (Chibbar et al., 2010). Pulse proteins are high in lysine 
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and contain all the essential amino acids at levels needed to support growth and development 
except for methionine (and cysteine) which are considered deficient. Although pulses do not have 
a complete set of essential amino acids, they are considered as an important source of protein in 
certain Asian, South American and African countries such as India, China, Myanmar, Brazil and 
Nigeria (Akibode and Maredia, 2012), and are also widely used in combination with cereal grains 
(Alizadeh and da Silva, 2013). Since the 1980s, Canada has gradually become the one of the 
leading producers to export pulses to 129 countries, mainly to Turkey (for lentils and chickpea), 
India and China (for dry peas), and the U.S. (for dry beans) (Statistics Canada, 2015).  
Within the pulses, proteins are dominated by salt-soluble globulin proteins (60-80%) and 
water-soluble albumin proteins (15-25%) (Tiwari and Singh, 2012). For the globulin proteins, they 
can be divided into two types. Legumin, which is an 11 S (S, sedimentation coefficient) hexameric 
protein with a molecular mass of 300-400 kDa, with six subunits held together by non-covalent 
interactions. Each subunit (molecular mass of 60 kDa) is comprised of a large acidic α-chain 
(molecular mass of 40 kDa) and a small basic β-chain (molecular mass of 20 kDa) linked together 
by covalent bonds; vicilin, is a 7 S trimeric protein with a molecular mass of ~150 kDa, whose 
subunits lack covalent bonds, and are also held together by non-covalent interactions; a third 
globulin protein, known as convicilin, is in minor amounts with a molecular mass of ~270 kDa 
(Fouques et al., 1998). Pulses contain approximately 55-65% carbohydrates, mainly starch (FAO, 
1994). They are high in soluble and insoluble fibre, with a total fibre content ranging from 8% to 
27.5% and, soluble fibre from 3.3% to 13.8% (Guillon and Champ, 2002). There is also a 
significant amount of the B-vitamins and minerals such as calcium, folate, potassium and iron 
(Lebiedzińska and Szefer, 2006). Moreover, consumption of pulses has been shown to have 
beneficial effects on weight management, obesity, coronary heart disease and diabetes (Jenkins et 
al., 2012). 
 
2.3  Cereals  
Cereal grains are from the grass family (Poaceae) and are major dietary source of proteins 
around the world for both humans and animals. The most significant agricultural cereal species are 
wheat, triticale, rye, barley, oats, maize, rice, sorghum and millets by volume produced (Wrigley, 
2010). Among all these species, cereal, maize and rice represent about 90% of the cereal grain 
production (Wrigley, 2010). The protein content in cereals ranges between 6-15% (Goldberg, 
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2008). Cereals are dominated by alcohol-soluble prolamin-type proteins, however still contain 
small amounts of albumin and globulin-type proteins (Giuberti et al., 2011). In contrast to pulses, 
cereals are deficient in lysine, but higher in the sulfur-containing amino acids, methionine and 
cysteine (De Lumen et al., 1986). Cereals contain 66-76% carbohydrates, which is by far the most 
abundant constituents (Koehler and Wieser, 2013). Vitamins and minerals are also condensed in 
the aleurone layer, pericarp and germ of cereals. Although cereals do not provide vitamin A, C and 
B12, they are an important source of other micronutrients such as vitamin E and some of the B 
vitamins (McKevith, 2004).  
 
2.4  Starches in pulses and cereals 
 As a major calorie source for human and animals, starch is the predominant carbon reserve 
in cereal and legumes. Starch is comprised of two polysaccharides: (a) amylose, which is a linear 
chain of α-(1→4)-linked D-glucopyranosyl units. Its degree of polymerization ranges from 500 to 
6,000 glucose units, giving the molecular mass of 104 to 106 kDa (Buléon et al., 1998); and (b) 
amylopectin, which is a highly branched (every 20-30 glucose units) tree-like polysaccharide with 
both α-(1→4) and α-(1→6) linked D-glucopyranosyl units, giving a molecular mass of 107- 109 
kDa (Chibbar et al., 2010). The unbranched outer chains are recognized as A-chain, whereas the 
inter chains as B-chain. A single C-chain contains reducing glucose residue and “terminates” the 
molecule (Peat et al., 1956). The partially crystalline structures in the native starch granules have 
birefringence and a ‘maltese cross’ under the polarization microscope. The degree of crystallinity 
of native starch is about 20 to 40% and is mainly contributed by the structural features of 
amylopectin (Hizukuri, 1996). The amylopectin branching sites are represented by amorphous 
regions, which sometimes contains a few amylose molecules. Amylopectin double helices can be 
packed into three different crystal types: A-type is found in most cereal starches and is densely 
packed, whereas the tube-like B-type is more hydrated and found in some tuber starches, high 
amylose cereal starches, retrograded starch and pulses (Hizukuri, 1996). C-type is a mixture of A 
and B in various proportions and is found in pulses (Hizukuri et al., 1983).  
In pulses, starch accounts for 22-45% on a dry basis (Hoover et al, 2010). The amylose 
content ranges between 30-40%, which is ~5-10% more than cereals, and the amylopectin content 
60-70% (Thorne et al., 1983). Their high amylose starch and high protein-starch interactions result 
in a low glycemic index after consumption, which is beneficial for human health (Jenkins et al., 
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2012). In chickpea, the total amount of starch is ~29-35%, with ~27-34% and ~66-73% being 
amylose and amylopectin, respectively (Singh et al., 2004). However, pulse starches are not as 
widely used within the food industry as cereal starches due to the costly isolation process, high 
retrogradation rates and limited information on the exact structure of their amylose and 
amylopectin (Hoover et al., 2010). For example, the U.S., the largest producer of starch in the 
world, produces 98% of starch from maize and only 2% from wheat and potatoes; in the E.U. 
approximately 82% of its starch is derived from maize, followed by wheat and root crops such as 
potatoes and cassava (De Bragança and Fowler, 2004).  
In cereals, the starch content ranges between 56 to 75% (Koehler and Wieser, 2013). 
Amylose accounts for 25-27% of the total starch, whereas amylopectin accounts for 72-75% 
(Colonna et al., 1992). In waxy-types almost 100% of the starch is amylopectin (Gunaratne and 
Corke, 2004). A portion of the starch is also considered to be resistant starch, which acts like 
soluble fiber but is not digested and absorbed in the gastrointestinal tract (Baghurst et al., 1996). 
Sorghum and other millets have high starch content upwards of 75% (Moorthy, 2004). Maize 
kernel consists 72 to 73% of starch (Boyer and Shannon, 1987). 
The different ratio of amylose and amylopectin largely dictates the final product 
characteristics in food processing involving heat and moisture such as extrusion. When starch is 
mixed with excess water at room temperature, it can absorb upwards of 50% of its dry weight as 
water moves into void spaces between granules and as the granules swell. As temperature 
increases, gelatinization initiates as amorphous regions are hydrated, and crystallites melt due to 
dissociation of amylopectin double helices, which is irreversible and results in the loss of 
birefringence (Tester and Debon, 2000). A rapid visco analyzer can monitor the gelatinization 
process by recording the viscosity of starch suspension. During gelatinization, the less branched 
amylose chains leak out of starch granules to increase the viscosity of the starch suspension. With 
further heating, a starch paste is formed comprised of solubilized amylose and swollen granules. 
Retrogradation happens during cooling when amorphous regions re-associate to become more 
ordered and crystalline outside of the confines of the granule. Amylose is responsible for the initial 
retrogradation that occurs in minutes to hours upon cooling and contributes to initial gel structure 
and hardness, while amylopectin “trapped” in the starch granules that are embedded in the amylose 
gel mainly contributes to long-term gel structure as it happens in hours or days (Miles et al., 1985). 
A stable crystalline structure that cannot be melt again by heating will be formed as amylose 
 10 
 
retrogradation proceeds. Whereas the amylopectin crystallites can melt at 60oC. Also, the 
retrogradation of amylopectin is strongly influenced by pH and low-molecular-weight (LMW) 
compounds like salts, sugars and lipids (Eliasson and Gudmundsson, 1996).  
Starch and protein can form gels through electrostatic interaction between the positively 
charged groups of protein and hydroxyl groups of starch (Jamilah et al., 2009), hydrogen bonding, 
van der Waals forces and entanglement (Morris, 1991). Three equilibrium status can occur in an 
aqueous solution of protein-starch mixture: (1) thermodynamic incompatibility, (2) miscibility and 
(3) complexation (De Kruif and Tuinier, 2001; Martínez et al., 2005; Martínez et al., 2007). When 
a mixed system including starch is heated, a competition between gelation and phase separation 
starts; the basic gel structure will be formed once the gelation occurs, and phase separation will be 
retarded (Owen and Jones, 1998). 
 
2.5  Extrusion cooking 
  Extrusion is a high temperature short time process in which the feed material is cooked by 
combining multiple unit operations (e.g., mixing, cooking, forming/kneading and shearing) into 
one (Bordoloi et al., 2014). The extrusion process works by feeding the material (e.g., cereal or 
pulse flours) into a feeding unit (or hopper) that can feed directly into the extruder inlet or a pre-
conditioner where both temperature and moisture adjustment occurs (based on your material and 
intended final product application). Preconditioners are assembled between the feeder and the 
extruder; they can precook and adjust moisture and the raw materials to improve product quality, 
reduce energy consumption and extruder wear (Fang et al., 2003). As the material is conveyed 
through the barrel of the extruder, where the material is heated, mixed, sheared and pushed forward 
to a die by either a single screw or twin screws under pressure. The die plate shapes the product 
into its final geometry as it leaves the extruder. After leaving the die, the material undergoes rapid 
expansion as pressure is released that leads to a honeycomb structure, which is shaped by bundles 
of molten protein fibers (Moscicki, 2011). Because of the high temperature short time processing, 
the nutritional loss of heat sensitive compositions such as protein, vitamins and enzymes in the 
extruded products is held to a minimum, however anti-nutritional factor can be reduced 
significantly during processing (Singh et al., 2007).  
Screw extruders are typically divided into two major categories: single and twin screw. 
There are generally four types of single screw extruders based on their degree of shear, which 
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include: a) a cold forming extruder, which is usually used to form pasta and compact pastry dough; 
b) a high pressure forming extruder, which are used to produce pre-gelatinized flour and pellets; 
c) a low-shear cooking extruder, which usually is involved in pasteurization, enzyme inactivation, 
protein denaturation and starch gelatinization through external heating; and d) a collet extruder, 
often used to produce puffed snacks from corn grits (Riaz, 2000). Single-screw extruders typically 
have  less mixing ability than twin-screw extruders (Connelly et al., 2007) 
For twin screw extruders, there are four basic designs: counter-rotating and co-rotating 
twin-screw extruders, which could be either intermeshing or non-intermeshing as shown in Figure 
2.1 (Guy, 2001). Between the non-intermeshing twin-screw extruder, the counter-rotating type is 
more effective at pumping materials than the co-rotating type, which is usually used to gently push 
a low viscosity non-cooked feed material (Guy, 2001). Intermeshing screws are better at pumping 
and mixing. However, this type of design generates more wear and tear on the screws and barrels, 
and extruders with an intermeshing design usually have very short barrels (Guy, 2001). The 
counter-rotating and intermeshing extruders are commonly used in the rubber industry and plastic 
processing. In a co-rotating twin-screw extruder, the screws can be distinguished into three 
individual elements (Fig. 2.2) (Teixeira et al., 2006): (1) right-handed elements that have 
conveying capacity, (2) kneading blocks that have staggered disks with various angles and induce 
barrel filling and pressure development, and (3) left-handed elements which induce intensive shear 
upon the material. The co-rotating, intermeshing and self-wiping twin extruders are the most used 
extruder-type as they have the most advanced control panels that are designed to protect extruder 
and operator from dangerous conditions. They can process the most varieties of food materials, 
from high fat, sugar, starch and protein, to food low in these, from a high viscous food to a very 
low viscosity material (Kazemzadeh, 2011). Therefore, this type of extruder was used in the 
current study to handle pulse ingredients like chickpea that are high in protein and lipid. 
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Figure 2.1  Screw design for twin-screw extruder: (a) Co-rotating and non-intermeshing, (b) 
counter-rotating and non-intermeshing, (c) co-rotating and intermeshing, and (d) 
counter-rotating and intermeshing (taken from Guy, 2001). 
 
 
 
Figure 2.2 Typical screw elements: (A) right-handed element, (B) left-handed element, (C) 
kneading block front view, and (D) side view (Teixeira et al., 2006 with some 
modifications). 
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A typical single-screw extruder has three zones as shown in Figure 2.3: a feed conveying 
zone (Zone 1), compression zone (Zone 2) and metering zone (Zone 3) (Middleman, 1977). In a 
typical co-rotating, intermeshing twin-screw extruder, there are also three zones but located 
differently. The corresponding zones are: (1) one solid conveying zone with only right-handed 
element that functions the same as Zone 1, (2) two melting zones that work as Zone 2, and are 
signitured by the presence of left-handed element and kneading block (restrictive elements); they 
are each followed by a melt conveying zone, and (3) a metering zone that functions as Zone 3; 
although the pressure is significantly higher in the melting zones, but is zero in most conveying 
zones (Teixeira et al., 2006). The extruder barrel is composed of a jacketed head and screws. The 
jacket allows modification of temperature along the length of the barrel, which is typically heated 
by steam but sometimes hot water or oil. It can be also cooled with water or other cooling agents 
(e.g., glycol, air, and liquid nitrogen). The changes of feed material undergo in the corresponding 
zones of a twin-screw extruder are similar to those in a single-screw extruder, only that in twin-
screw extruder the heat and shear effect on a sample is more intensive. 
The feed matetrial in Zone 1 is usually low in denstiy due to trapped air within the materieal 
and its granular nature. Water is also injected in the feeding zone of the barrel to assist textural and 
viscosity development, as well as to enhance heat transfer (Planttner, 2007). The feed is then 
carried by the rotating screw into the Zone 2, where temperature rises and starts to melt the feed 
due to dissipatation of machanical energy (Godavarti et al., 1997) (Figure 2.3). In Zone 2, the melt 
starts to lose some of its granular integrity due to heat and shear (kneading) that contribute to starch 
gelatinization and/or melting, protein denaturization and other chemical reactions in the feed. 
Steam can be injected in the earlier part of the Zone 2 where pressure is not too high for the 
injection. The steam carries both thermal energy and moisture into the melt. As the melt moves 
forward this zone, a more integral flowing melt will form and eventually reach its maximum 
compaction. The shear in this middle section is usually moderate and extrudate temperature will 
continue to increase (Planttner, 2007). As the melt moves to the final Zone 3, temperature and 
pressure increase most rapidly and and shear rates are highest. As a result, a melted “fluid” will be 
expelled from the die capped at the end of the extruder. Die design can have effects on the final 
product quality and its functionality. The degree of barrel fill increases upon switching a die with 
one opening to one with multiple opening. Dies with higher shear rates can increase starch damage 
and denaturation of protein thus increased starch water solubility, decreased protein solubility and 
 14 
 
other functional changes (Planttner, 2007). Temperature in the barrel can be controlled by altering 
the amount of steam injected, and residence time is determined by the speed of the shaft. In general, 
increase in shaft speed result in shorter residence time (Zhou, 2016).  The single screw extruder is 
not typically used for transporting sticky, oily, or very wet materials feed material due to the 
slipping (Riaz, 2000). 
 
 
Figure 2.3  Cross-section of a typical single-screw food extruder (taken from Middleman, 
1977). 
 
Extrusion was first applied commercially in the late 1870’s in England and early 1880’s in 
the United States in the rubber industry. The first application of the single extruder in the food 
processing  industry was for pasta making, starting in the 1920’s and remains as a standard 
production process (Riaz et al., 2000). Corn snacks were the first extruded snacks in the mid to 
late 1940’s. Later on the dry-expanded pet food market has grown into the largest commercial 
application of extrusion (Planttner, 2007). The total retail of extruded pet food sale in the U.S. 
skyrocketed from $3.62 (Huber, 2000) billion in 1998 to $5.3 billion by 2004 (Kvamme, 2005). 
To date, extrusion technology is not only widely used in the food and feed industries to produce 
breads, cereals, pet foods, aquatic feeds, pasta, snacks, starches and numerous other products, but 
also used by the pharmaceutical and nutraceutical industries for their products (Planttner, 2007). 
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2.6  Factors impacting extrusion 
The feed material (e.g., source, moisture and particles size) and extrusion parameters (e.g., 
feed rate, barrel temparature, level of shearing, screw speed and screw profile) can greatly 
influence the physicochemical characteristics of the final extrudates or milled pre-cooked flours 
(Purwanti et al., 2010).  In terms of the feed material, macomolecules play a very important role 
in the profile of extruded products. 
(a) Starch: The ability of starch to gelatinize at temperatures above 60 to 85oC in the 
presence of water can drastically change the viscosity of the melt and the expansive nature and 
structure of the extradate product (Okechukwu and Rao, 1996; Riaz et al., 2011). It was found that 
optimal expansion for corn starch containing 0 to 70% amylose could be obtained at 130 to 160oC 
and 13 to 14% moisture (Chinnaswamy and Hanna, 1988a,b). When there is sufficient energy 
present during extrusion for intermolecular bondbreaking, gelatinization is greater at higher 
moisture content (Riaz et al., 2011). In general, increases in temperature, percentage of amylose 
(within 0-50%) (Chinnaswamy and Hanna, 1988b), friction, shear and decreases in moisture 
(which lead to increase in friction and shear) result in a greater amount of expansion of the starches; 
however, at a moisture content <20%, there is an increased production of dextrin due to inadequate 
hydration of starch, as well as wear in extruder screw and barrel (Riaz et al., 2011). Therefore, 
extrudates with higher starch contents require greater moisture content to obtain sufficient 
gelatinization and thus good expansion (Owusu-Ansah et al., 1984). This was supported by 
Rodriguez-Miranda et al. (2014) who confirmed that for bean flour extrudates, which has a high 
starch content, the greater moisture content led to the greater expansion. However, higher moisture 
levels (>~27%) tends cause a decrease in the melt viscosity to result in a denser extrudate.  
 (b) Protein: Protein generally has a negative effect on expansion due to its less viscoelastic 
nature compared to starch; therefore, increase in protein content tend to result in less expanded 
products and more rigid network (Chaiyakul et al., 2009). During extrusion, the heat and shear 
weakens or disrupts the tertiary and quaternary structure of protein molecules, resulting in the 
unfolding and aligning themselves with the melt flow (Harper, 1986). The exposed amino acid 
residues can react other food components. The hydrophobic amino acids (e.g. tryptophan and 
tyrosine) can associate with other hydrophobic residues of protein, starch and lipid, and influence 
the characteristics of extrudates (Zhou et al., 2016). Chaiyakul et al. (2009) reported that increasing 
protein content from 20 to 30% in a rice-based snack significantly increased hardness, crispness 
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but less sticky mouth feel. The effect of protein on extrusion also depends on other food 
components. For example, high moisture and fat content have protective effect agains protein 
denaturation by decreasing barrel temperature. Thus minimal denaturation of protein tend to occur 
in extrusion at high moisture (>25% w/w) content (Camire, 1991). Protein can also interact with 
lipid during extrusion mainly through electrostatic and hydrophobic interactions between the 
residues of these two macromolecules (Chapman, 1969). Nonpolar amino acid side chains and 
lipid side chains could associate by Van der Waals forces, which is strengthened by the 
hydrophobic interactions in the presence of water; hydroxyl groups of lipid can also form hydrogen 
bonds with carbonyl groups of protein (Izzo and Ho, 1989). In addition to these, the breakdown 
product of polyunsaturated fatty acid oxidation, malonaldehyde, has also been reported to interact 
with protein (Shin et al., 1972). 
(c) Lipids: In general, lipid can work as a lubricant to reduce friction between the melt and 
screw/barrel, reduces mechanical energy input and starch gelatinization (Hu, 1994). Also it can 
lower shear stress to prevent breakdown of starch (Lin et al., 1997). However, small amount of 
lipid seems to be necessary strength development in extrudates (Bhattacharya and Hanna, 1988). 
It has been reported that due to high lipid and fiber content in oats, a highly expanded product is 
hard to achieve (Gordon et al., 1986). The lubricant effect of lipids was confirmed by Kumagai et 
al. (1987) where they observed a 50% increase in volume of the defatted (0.065% lipid content) 
dried rice flour extrudate compared to the untreated flour with 0.765% total lipids. For single screw 
extruder, it becomes increasingly difficult to have efficient mechanical energy transfer from screw 
into the melt as lipid content increases above 15%. However, by using a twin screw extruder, lipid 
level can be increased to ~25% while still maintaining high levels of mechanical energy input 
(Rokey and Plattner, n.d.). But such high level of lipids is not well received in a single screw 
extruder as it does not have a second screw to prevent slipping of the melt inside the extruder 
barrel. If lipid needs to be added during the extrusion process, it is critical to add it near the 
discharge of the preconditioner because the early addition will result in poorly hydrated and 
cooked starch from the lipid coating and interfere the heat transfer for gelatinization. Lipid-starch 
and lipid-protein complexes are likely to form under extrusion condition with low moisture (<20%) 
and high temperature (>150oC) (Rokey et al., 2011).  
(d) Fibre: The presence of fiber usually results in decreased expansion, because gas 
bubbles within the extrudates are ruptured by cell walls before they could fully expand (Jin et al., 
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1994). Jones et al. (2000) investigated 36 branded ready-to-eat breakfast cereal and found that 
increasing fibre and protein content in feed decreased exapansion ratio. Reduced particle size of 
insoluble fibers like cellulose and corn bran only improves expansion to a limited extent (Blake, 
2006). Therefore, it is common to see a compact, tough and not crisp high-fiber extruded product 
(Lue et al., 1991). 
There are four critical parameters that can directly influence the final product 
characteristics: moisture, specific mechanical energy (SME, power over mass flow rate), thermal 
energy input (steam injection) and retention time (which can be controled by screw speed and feed 
rate). Consistent duplication of a product can be kept as long as all of these critical parameters are 
kept constant given the same raw material (Planttner, 2007).  
(a) Feed rate: When feed rate increases, degree of fill and  residence time for the feed is 
reduced, which means less degradation of the amylopectin networks (Fletcher et al., 1985), thus 
although the SME inputs may be unchanged, less expansion is uaually observed in the final product 
and piece density of the extrudate increase, not necessarily the bulk density (Planttner, 2005).  
(b) Screw speed: Screw speed has a big influence in both single and twin screw extruders 
because it directly impact the SME, residence time for the feed and capacity of the extruder. 
Increased screw speed directly results in increasd SME due to more friction inside the extruder. 
Twin screw extrusion in general has a higher responsiveness to feed rate due to the advantage on 
feeding characteristics. A more precise product quality can be maintained by varying the screw 
speed (Planttner, 2007). When feed rate is fixed, increase in screw speed will decrease filling of 
the barrel, resulting in reduced mechanical energy and thus lower barrel and product temperature 
(Badrie and Mellowes., 1991).   
(c) Barrel temperature: Barrel temperature is often easy to control. Most of the heat added 
to extrusion is controled via steam injection. The addition of steam can increase the capacity of 
the extruder and reduce the requirement for a large drive motors (Planttner, 2005). Cooling and 
heating the kneeding or melting section can ensure consitant product flow. Too hot or too cold 
(relative to the extrudates) at the head of the final section will cause material to stick to the inner 
barrel and interfere the viscous flow. In such case, the product will usually have a torn burnt 
apperance. Efficient heat transfer in general can be hard to obtain during extrusion because it 
requires a full barrel to accure. However, many extrusions only have the last section full of product, 
thus heat transfer is limitted by time availability. Also, extruder size plays a major role in heat 
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transfer. Many products experience failure or difficulties in scaling-up due to inefficient energy 
transfer as heat transfer increases only by the square but volume increases by the cubic (Planttner, 
2007). Extruder barrel temperature has been reported as one of the most important parameters 
along with moisture to influence expansion and related characteristics of extrudates (Lawton et al., 
1972; Holay and Harper, 1982). In general, increase in temperature would result in increased 
expansion ratio (Ding et al., 2006). Hagenimana et al. (2006) reported that expansion (1.61 to 3.94) 
increased with the increase in temperature (100-160oC) when extruding rice flour.  However, a 
plateau seems to exsit between 150 to 170oC due to the starch degradation and air bubble rupture 
(Meng et al., 2010). Greater expansion means less hardness and bulk density (Yovchev et al., 
2017).  
(d) Moisture: Moisture can significantly affect the characteristics of extrudates. It can be 
alterted through preconditioning or water addtition. Badrie and Mellow (1991) found that cassava 
flour extruded at low moisture (~11%) had greater expansion of 2.7 compared to that at 16% 
moisture (1.8). Low moisture content typically favors expansion during extrusion (Faubion and 
Hoseney, 1982; Miller, 1985; Bhattacharya and Hanna, 1987). This is because foods with low 
moisture content is more viscous and thus experience greater pressure differential compared to 
those with higher moisture (Singh et al., 2007). Also, at low moisture content, melt flow will be 
restricted insided the barrel, which will increase shear and residence time, and in turn increase 
expansion due to greater starch gelatinization and/or melting (Chinnaswamy and Hanna, 1988a). 
However, since water is also critical in starch gelatinization, the effect of moisture content on 
expansion can sometimes seem conflicting (Miller, 1985), as water is required for starch 
gelatinization but too much water can act as a lubricant to reduce shear, pressure and temperature 
in the barrel. 
(e) Specific mechanical energy (SME): The SME is dependent on other process variables 
such as the ones aforementioned, and the extrudate texture can be controled by chaning the SME 
input (Ryu and Ng, 2001). SME has been reported to decrease with the increase of temperature 
and moisture content due to reduced friction inside the barrel (Singh et al., 2007). Increase in 
expansion correlates with increase of SME (Ryu and Ng, 2001). The correlations of SME with 
density and texture has also been reported (Altan et al.,2008; Dogan and Karwe, 2003; Ilo et al., 
1996). The effect of SME on starch gelatinization has also been reproted by reserchers (Gomez 
and Anuilera, 1983; Van Lengerich, 1990). Gropper et al. (2002) extruded a starch-protein mix 
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showed that the degree of gelatinization increased with the increase of SME (142-299 kJ/kg); 
starch granules became more swollen at SME 199 kJ/kg and seemed to achieve gelatinization 
completely at SME 299 kJ/kg. However, glass transition temperature (Tg) was reported to decrease 
with an increase in SME due to more fragmentation of starch during extrusion, which is more 
intensive at higher SME (Barrett and Kaletunc, 1998; Kaletunc and Breslauer, 1993; Davidson, 
1984). Any increse in resistance to flow or anything disrupts coveying in the extruder will increase 
cook and SME. The impedance to flow will cause the barrel to fill up and thus increase retention 
time and heat transfer from the barrel heads. Shear locks, cut-flights or reverse flight screws can 
be added to increase the flow resistance  (Planttner, 2007). 
 
2.7  Effect of extrusion parameters on physical properties 
Brnčić et al. (2006) studying the effect of twin-screw extrusion parameters on hardness of 
wheat extrudates found that hardness is influenced mainly by feed moisture, screw speed and 
temperature, while feed rate does not have significant impact. The authors reported that for the 
wheat extrudate, hardness increased with increased feed moisture content (18.3-24.5%), decreased 
screw speed (150-300 rpm) and barrel temperature (120-145oC). They also found that feed 
moisture had the most significant effect on hardness (Brnčić et al., 2006). A similar conclusion 
was drawn by Liu et al. (2000) who extruded oat-corn puffs. The authors reported that hardness 
increased by increasing the oat concentration within the blend from 55 to 100%. Maxmimum 
hardness was found at high moisture (21%) and 85% oat flour. The authors hypothesized that the 
the higher moisture resulted in reduced expansion of the extrudate, leading to an increase in 
hardness in the final product. Köksel et al. (2004) studied the effects of extrusion variables on the 
properties of waxy hulless barley extrudates. The authors found that as the moisture content 
increased from 22.3 to 30.7%, the expansion index decreased, whereas the bulk density increase 
regardless of the shearing conditions and barrel temperature. The bulk density and expansion index 
provides a measures of puffiness, where an extrudate with a small bulk density and large sectional 
expansion index indicates a puffier product. 
Köksel et al. (2004) reported a relationship between the shear rate and degree of 
gelatinization. The authors found that the maximum gelatinization for waxy hullless barley under 
high and low shear was 45% and 43%, respectively, which was lower than earlier studies that used 
corn as the feedstock. During gelatinization, a starch solution is heated to cause the starch granules 
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to swell, allowing the amlyose chains to leach out of the granular structure into the surrcounding 
solution (Lovegrove et al., 2017). Leaving the amplyeopectin chains to remain within the swollen 
granule (Morris, 1990). Köksel et al. (2004) found maximum gelatinization within barley flour to 
occur at the highest temperature (170 oC) tested and lowest moisture (22.3%) used, whereas 
gelatinization was minimum at the highest moisture (30.7%) used and lowest temperature (130 oC) 
tested. The authors noticed a positive relationship between the degree of gelatinization and 
expansion, which is negatively related to the moisture content. They hypothesized that the 
increased degree of gelatinization and expansion at low moisture might be attributed to the 
restricted flow within the barrel which increases the shear rate and residence time. The lower 
degree of gelatinization with higher moisture was hypothesized due to a reduction in friction 
between the dough and the barrel (Liu et al., 2000). Geetha et al. (2014) studied the effect of 
extrusion parameters on physicochemical and functional properties of kodo millet-chickpea blend 
(70:30) at temperature 80-150oC, 20% moisture content, screw speed 250-300 rpm and feeder 
speed 15-30 rpm. They found that gelatinization index (or degree of gelatinization), which was 
essentially water absorption index, reached its maximum at highest temperature (150 oC). And 
expansion also increased with the increase in temperature. 
The specific mechanical energy (SME) is the total work input from the driving motor into 
the raw material (dissipated as heat)  in the extruder barrel (Harper, 1989), expressed per unit mass 
of the material (Godavarti and Karwe, 1997). SME directly affects final product quality (Godavarti 
and Karwe, 1997). De Mesa et al. (2009) found that SME is negatively correlated with bulk density 
of a corn starch-soy protein concentrate extrudate. And that a higher SME induces greater driving 
force for the expansion of extrudates. Rausch (2009) found that increased SME positively 
influences Maillard reaction, leading to darker extrudates (Fang et al., 2014). van Lengerich (1990) 
suggested that this correlation involving the Maillard reaction is likely the result of increased 
friction and temperature induced by the increased SME. Fang et al. (2014) also reported that an 
increased SME positivesly correlates to tensile strength, hardness and proportion of smaller 
fractions, whereas had a negative effect on melt viscosity at die. Wang et al (2013) studied the 
effects of feed moisture content (21.3-29.7%), screw speed (140-240 rpm) and extrusion 
temperature (133-167 oC) on SME using animal feed contained mainly soybean and wheat meal. 
They found a positive correlation between temperature and SME, while a negative correlation 
between screw speed, moisture content  and SME. 
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Residence time distribution (RTD), a probability distribution function that describes the 
time raw materials can stay inside the barrel, is the parameter used mostly in scaling up and 
transferring processes to different extruder geometries due to its easiness for monitoring (Kumar 
et al., 2008). As expected, increased screw speed shortens the mean residence time (Altomare and 
Glossi, 1986). Kumar et al. (2008) reported the mean residence time increased with increased 
moisture content (16 → 28%) and decreased screw speed (80 → 160 rpm) for starch, when other 
variables such as moisture content, nozzle diameter and barrel temperature were kept constant. 
Altomare and Glossi (1986) studied the effect of extrusion parameters on RTD of rice flour in 
twin-screw co-rotating extruder. They found that screw profile and flow rate has the most effect 
on RTD, also noted the low fill levels in the extruders (<50%). Owing to the complete displacement 
and forward conveying motion, twin-screw extruders are known to have narrower RTD than 
single-screw extruders. Yeh et al. (1992) studied the effect of different screw profiles with forward 
flight element, reverse flight element and no-flight element on the extrusion of wheat flour in twin 
screw extruder (Figure 2.4). Their results show that of cooking time was the greatest with the 
forward flight, because the element accelarated the transportation of melt to the die nozzle, shorten 
the residence time, and thus result in lower degree of gelatinization. Lin and Armstrong (1990) 
studied the effects of extrusion temperature, screw speed and moisture content on RTD for a cereal 
mix (corn, wheat starch and bran) using a counter-rotating twin-screw extruder. Their results 
showed a positive effect of these three parameters on RTD: residence time increased from 45 – 32 
s as moisture content increased from 20-30%; increased barrel temperature (100-140oC) and screw 
speed (100-200 rpm) resulted in increase in RTD.   
The length of the extruder or length-to-diameter (L/D) ratio is also an important parameter. 
Bhattacharya et al. (1994) studied the effect of L/D (16, 20 and 24) and temperature (75-185oC) 
on extrusion of rice flour. The authors found that the barrel temperature had a greater effect on 
bulk density than L/D ratio. In agreement with the aforementioned studies, the increase in 
temperature had a negative result on bulk density. The effect of  L/D ratio on bulk density is 
temperature dependent: at lower temperature, increase in L/D ratio (longer the barrel) resulted in 
decreased bulk density, whereas the opposite was observed at higher temperature. SME was found 
to increase with the increase of temperature and L/D ratio from 16-20, and decrease with L/D ratio 
above 20. They concluded that a barrel temperature greater than 150oC and L/D ratio of 16-20 is 
sufficient enough to produce a crunchy and well expanded product (Bhattacharya et al., 1994).  
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Figure 2.4  Three screw profiles. Screw elements at the end of the screw are different. Profile 
1 has a forward flight; profile 2 has a reverse flight; profile 3 has a no-flight element 
(taken from Yeh et al., 1992). 
 
2.8  Effect of extrusion on nutritional properties of extrudates 
 Extrusion has been shown to have both a positive and negative effect as it relates to its 
extrudates. For instance, HTST (high temperature short time) processing minimizes the cooking 
time, reduces the nutritional loss of heat sensitive vitamins, reduces or eliminates bioactive 
compounds such as protease and amylase inhibitors, improves starch gelatinization, and reduces 
lipid oxidation etc. However, extrusion also promotes the Maillard reaction between proteins and 
reducing sugars which decreases the nutritional value of protein and potentially produces non-
nutritive intermediate compounds (e.g., acrylamide). Protein quality relates to its amino acid 
profile, availability of essential amino acids, and its digestibility (WHO, 1985).  
 The U.S. and Canada use different methods for determining protein quality. Health Canada 
(1981) evaluates protein quality based on the protein efficiency ratio (PER), which is the grams 
weight gain of male rat (20-23 days of age) per gram protein consumed with casein as a reference; 
protein rating of a certain food is the result of the PER adjusted against casein reference multiplied 
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by grams of protein in a Reasonably Daily Intake (RDI) of that food; foods can be claimed as a 
“Source of Protein” with protein ratings ranging from 20.0 to 39.9, and an “Excellent Source of 
Protein” from 40 or above. However, the use of PER has significant limitations as the rat is a poor 
model in determining amino acid requirements for adult humans; also, protein rating is dependent 
on RDIs, and it is impossible to combine PER values (Marinangeli et al., 2017). In the U.S., 
Protein-Digestibility-Corrected Amino Acid Score (PDCAAS) is used for labelling purposes 
towards non-infants (>1 year of age) (Marinangeli et al., 2017). A food is considered a quality 
source of protein with a PDCAAS (in vivo) above 70% to 80% (Michaelsen et al., 2009). Proximate 
and amino acid compositions and true fecal nitrogen digestibility are needed to calculate PDCAAS 
(WHO, 1991). The amino acid score is the ratio of the mg of essential amino acid in 1.0 g of test 
protein over mg of that amino acid in 1.0g of reference for the 9 essential amino acids and tyrosine 
and cysteine additionally; the suggested reference is based on the amino acid requirements for 
children of the age of 2-5 years. Multiplying this uncorrected amino acid score by true protein 
digestibility (TPD), determined by the rat balance method (Eggum, 1973), will give PDCAAS.  
In many other regions of the world (e.g. China, Europe, Australia and New Zealand), 
protein claims are based on the protein (g) per serving, percentage of energy from protein per 
serving, and the proportion of protein per unit of energy (Marinangeli et al., 2017). It has been 
suggested that Canada should push to label and advertise food protein based on absolute protein 
content instead of protein quality to minimize the barrier to adapting the globally prominent trend 
in consuming more plant protein for the cause of human, animal health and environmental 
sustainability; or at least adopting the PDCAAS method, or a modified version such as in vitro-
PDCAAS (IV-PDCAAS), to harmonize the regulatory system for protein claims between the two 
countries (Marinangeli et al., 2017). The assay involves multiplying the in vitro protein 
digestibility (IVPD) value by the limiting amino acid score for determination of the in vitro 
PDCAAS (Nosworthy et al., 2016).  
Although the Canadian Food Inspection Agency (CFIA) permits only the estimation of 
PER using PDCAAS values, where PER is the ratio of PDCAAS of sample over PDCAAS of 
casein then multiplied by 2.5, in vitro PDCAAS is not recognized over in vivo (Marinangeli et al., 
2017). Nevertheless, it was reported that a strong correlation (R2= 0.9971) exists between 
PDCAAS and IV-PDCAAS of extruded, cooked and baked red and green lentil flours (Nosworthy 
et al., 2018). In addition, such correlation (R2= 0.9898) between the two methods was also reported 
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for lentil, pea, faba bean and casein protein isolates (Nosworthy and House (2017). Although 
PDCAAS is the more preferred method by FAO and WHO to evaluate protein quality in human 
nutrition (WHO, 1991), IV-PDCAAS has its advantage in that it is more accurate and applicable 
in estimating the quality of potential food aid type products compared to PER; it avoids the lengthy 
and expensive bioassay as required by both PDCAAS and PER methods. The PDCAAS value 
above 70% (or 0.70) is the minimum requirement for food aid products for moderate malnourished 
children (WHO, 2012).  
In contrast to conventional cooking or baking processes, extrusion seems to enhance the 
digestibility of plant proteins (Day and Swanson, 2013), possibly because of protein denaturation 
and the inactivation of enzyme inhibitors (Colonna et al., 1989). EI-Hady and Habiba (2003) found 
that extrusion at 140oC and 18% moisture content increased IVPD of raw faba bean from 75% in 
to 80% after extrusion. The same pattern was found in kidney beans where IVPD increased from 
71% in the raw to 79% in the extruded kidney beans under the same condition. Bhattacharya et al. 
(1988) extruded fish-wheat blend at 100-140oC and 35% moisture; they found that increases in 
extrusion temperature led to increases in digestibility from 80 to 86% relative to the non-extruded 
form (77%). This increase in IVPD after extrusion was also reported in cereal-pulse blend. Patil et 
al. (2016) added different pulse (lentil, chickpea, green pea and yellow pea) flours at the level from 
0 to 15% into wheat flour and found that extrusion (180oC and 12% moisture) generally doubled 
the IVPD of the protein within the samples, which ranged from 29 to 38% for the raw and 60 to 
66% for the extruded blends. Nosworthy et al. (2017) compared the protein quality (of buckwheat 
and buckwheat-pinto bean blend (50:50) after baking and extrusion using both in vivo and in vitro 
methods; they found that extruded products had greater digestibility and PDCAAS. In brief, the 
IVPD and TPD of the extruded samples range from 72 to 80% and 71 to 85% respectively; the IV-
PDCAAS and PDCAAS of the samples range from 55 to 75% and 54 to 76% in order. The 
extruded buckwheat-pinto blend had the greatest PDCAAS (76%) among the diets investigated. 
Mosha and Bennink (2005) studied protein quality of bean meal and bean-sardine meal coupled 
with corn, sorghum and rice processed by extrusion, drum-processing and conventional cooking; 
the authors reported that extrusion yielded the greatest TPD and PDCAAS, ranging from 90 to 
94% and 60 to 86% respectively.  
Lysine is the most reactive among the essential amino acids (EAAs) owing to its two amino 
groups, making it highly susceptible to partake in the Maillard reaction (O’Brien and Morrissey, 
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1989). This chemical reaction happens during heating between free amino groups on the protein 
(not limited to Lys) and the carbonyl groups of reducing sugars. This reaction leads to browning, 
production of flavor compounds, decreased AAs availability and reduced protein digestibility due 
to cross-liking reactions involving proteins and intermediate compounds from the reaction itself. 
As such, Lys usually serves as an indicator of protein damage during extrusion and other cooking 
processes (Iwe et al., 2001), especially when extruding cereal-based products as Lys is the most 
limiting EAA. Bjorck and Asp (1983) found that Lys retention in wheat flour increased as feed 
rate increased, which is possibly due to decreased retention time and heat transfer in the extruder 
barrel. Pham and Del Rosario (1984) found that Lys retention decreased as feed moisture increased 
for cowpea and mung bean. Iwe et al. (2004) found that Lys content increased with increasing 
screw speed, however, decreased with decreasing die diameter in defatted soy flour and sweet 
potato flour. Other than Maillard reaction, Lys can also cross-link with alanine and threonine to 
form lysinoalanine and lanthionine, which results in reduced digestibility, loss in EAAs and 
decreased nutritional values (Camire et al., 1990). High barrel temperatures and low feed moistures 
are known to accelerate the Maillard reaction. Under these conditions, dextrin and free sugars 
might be produced from the high shear inside the extruder barrel and presents more substances 
that is favorable for the reaction. Hood-Niefer and Tyler (2010) extruded pea flour with protein 
content ranging from 6 to 18% at 100, 120 or 140oC and 15, 18 or 21% moisture. They found that 
better lysine retention occurred at higher protein and moisture contents. For example, at 100oC and 
18% moisture, the available lysine in pea flour with 6% protein had a 53% decrease, whereas only 
14% decrease for the flour containing 18% protein; when moisture content increased from 15 to 
21%, lysine loss decreased from 60 to 45%. It was found that extrusion of a cereal mixture at 
170oC, 10-14% moisture and 60 rpm screw speed resulted in loss of Lys ranging from 32% to 80% 
(Harper, 1988). To minimize the loss, it was suggested to keep extrusion temperature below 180oC 
and moisture content above 15% (Cheftel, 1986). In general, keeping moisture content between 
15-25% can significantly increase Lys retention (Singh et al., 2007).  
In the case of oil-soluble vitamins, vitamins D and K are quite stable during extrusion with 
only 15-20% loss depending on the conditions (Plattner, 2007). However, vitamins A, E and their 
derivatives such as carotenoids and tocopherols can change chemically with the presence of 
oxygen and heat (Killeit, 1994). In contrast, the water-soluble vitamins B and C (ascorbic acid) 
are less stable when heated. The loss of ascorbic acid can be as high as 90%, and as such, it is 
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common to have it applied to the final product after extrusion and drying (Soliman et al., 1987). 
Killeit and Wiedmann (1984) investigated B-complex vitamins in flat bread production using 
extrusion (150oC, 13% moisture at 300 rpm screw speed) to find that increasing throughput 
improved the retention of B1, B6 and B12, and that increase feed moisture by 3-11% also increased 
the above vitamins as well as folic acid. They presumed this improvement was due to less shearing 
brought by the added moisture. In general, increasing in temperature, screw speed and SME input 
as well as decreasing moisture, throughput/feed rate and die diameter will result in decreases in 
retentions of vitamins (Killeit, 1994). Furthermore, extrusion does not seem to have a big impact 
on small minerals as they usually have very high boiling points and are unlikely to be lost with 
water that evaporates at the die.  
 
2.9  Effect of extrusion on functionalities of extrudates 
During extrusion cooking the thermomechanical action results in gelatinization of starch, 
denaturation of protein, which in turn brings about changes in the functional properties of the pre-
cooked flours, milled from the extrudates, such as water hydration capacity (WHC), oil holding 
capacity (OHC), emulsion activity/stability (EA/ES), foaming activity/stability (FA/FS), and 
pasting properties (Martínez et al., 2014).  
(a) Water hydration capacity: WHC is the ability of a flour to hold water (own or added) 
during application of force, pressure, centrifugation, heating or from gravity (Sahni et al., 2014). 
Protein-water interactions, water-water interactions and physical capillary actions influences 
WHC the most (Dahl and Villota, 1991). Alonso et al (2000) studied the effect of extrusion (150oC, 
25% moisture) on the functional properties of pea and kidney bean proteins. The authors reported 
that extrusion increased the WHC from 1.2 to 2.9 g/g for peas and 2.0 to 2.9 g/g for kidney beans 
after extrusion. Similar results were found in another study where heat processed winged bean 
flour had higher WHC (3.1 g/g) compared to its raw counterpart (2.1 g/g) (Narayana and Narasinga 
Rao, 1982). Martínez et al (2014) also found a progressive increase in the hydration properties 
(water binding capacity and swelling) as extrusion intensity increased. It was suspected that in 
extruded samples, physical retention of water by capillary action in the new structure formed by 
aggregation of proteins probably plays the major role in the increased WHC (Alonso et al., 2000). 
Camire et al. (1990) also proposed that disruption of the starch granule integrity can lead to a 
poorly ordered molecular phase with hydroxyl groups to readily bind water molecules. 
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(b) Oil holding capacity: OHC is defined similarly as WHC, except it relates to how much 
oil the pre-cooked flour can hold. OHC is mainly contributed by the binding of lipid with the 
hydrophobic residues of proteins (Aguilera et al., 2009). When extruding pea and kidney bean at 
148 to 156oC and 25% moisture, extrusion was found to decrease the oil adsorption capacity only 
in kidney bean from 1.3 to 1.0 g/g, whereas the decrease observed in peas was not significant 
(Alonso el al., 2000). It has also been reported that the chemical structure of polysaccharides such 
as dietary fibre, its surface properties, overall charge density and hydrophobic nature of the 
polymer can also influence OHC; dietary fibers (DF) are grouped into water soluble (SDF) such 
as pectin and gums, and water insoluble (IDF) like cellulose, hemicellulose and lignin (Fernández-
López et al., 2009). It has been reported that extrusion could transform some IDF into SDF 
(Vasanthan el al., 2002). Since IDF acts as an oil absorber, and its ability of oil holding may be 
adversely affected by treatment like cooking (Raghavendra et al., 2006). Huang and Ma (2016) 
studied the effect of extrusion on physicochemical properties of extruded orange pomace to find 
extrusion at 115 to 135oC and 10 to 18% moisture decreased the OHC of orange pomace from 1.2 
to 0.8 g/g. It is possible that the protein denaturation, aggregation and interactions with 
hydrophobic groups take place during extrusion can cause an overall decrease in hydrophobicity 
in samples, especially if they end up forming larger aggregates during mixing (Li and Lee, 1996). 
OHC plays an important role in flavor retention, especially when it comes to products (e.g. meat) 
that tend to lose fat during cooking (Thebaudin et al., 1997). On the other hand, samples with low 
OHC indicates the potential application in fried products due the non-greasy mouthfeel (Aguilera 
et al., 2009).  
(c) Emulsifying properties: Food emulsions are macroemulsions representing a 
heterogeneous mixture of fat globules ranging from 0.2 to 50 µm in size. They can be of oil in 
water (O/W) such as milk, cream, mayonnaise, salad dressing and soups or water in oil (W/O) type 
like margarine and butter (Lam and Nickerson, 2013). Proteins are the components that works as 
emulsifier in most food emulsions (Zayas, 1997). The hydrophobic and hydrophilic parts of protein 
can be integrated at the interface of two immiscible phases and lower the interfacial tension (Bos 
and Vliet, 2001). Extrusion seems to have a positive effect in the emulsifying properties. Bueno et 
al. (2009) studied the effect of extrusion (135oC, 15% moisture) on the emulsifying properties of 
soybean proteins and pectin mixtures, the extruded mixture showed an emulsifying capacity 41% 
higher than the non-extruded mixture. Martínez et al (2014) extruded wheat flour at extrusion 
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temperature ranging from 80 to 160oC. They found that emulsion capacity in general increased as 
extrusion temperature reached 120oC, from ~83 (raw) to 91% (at 160oC); whereas emulsion 
stability decreased as extrusion temperature reached 120oC from ~115% (raw) to 100% (at 160oC). 
Proteins are forced to unfold and aggregate due to crosslinking involving SH/SS interchange, 
oxidation, hydrophobic interactions (Rosell and Foegeding, 2007), and Maillard reaction during 
(Kato et al., 1990), along with starch gelatinization which increases number of hydroxyl groups, 
greater emulsion activity/capacity can be achieved (Mason, 2009). Recent studies have found that 
polysaccharide-protein complexes can stabilize O/W emulsions (Evans et al., 2013). Zhang et al. 
(2014) reported that the formation of protein-polysaccharide complex is important in preparation 
for an effective emulsifier due to the improved amphiphilic property. Such complex formation is 
commonly seen during Maillard reaction (Kato et al., 1990), as well as heating processing 
undergone such as during gelatinization (Evans et al., 2013). Essentially, an increased emulsion 
capacity is achieved by better adsorption of protein at the oil-water interface through increased 
protein hydrophobicity (Chen et al., 2011). However, emulsion stability depends mostly on oil 
droplet size and its interfacial tension, the unfolding and aggregation of protein could minimize 
the barrier effect against oil droplet coalescence, eventually leading to the separation of water and 
oil phases (Aluko et al., 2009).   
(d) Foaming properties: Foams are like oil-in-water emulsions except foams have gas as 
their continuous phase instead of oil. Foaming properties are evaluated by foam capacity (FC) and 
foam stability (FS) (Ferreira et al., 1995). During foaming, air is introduced into the solution during 
whipping or homogenization; the hydrophobic regions of protein migrate and adsorb to the air-
water interface; the proteins then undergo partial unfolding (surface denaturation) at the interface 
and form a stabilizing film around the air bubbles to create stable foam.  In general, foams collapse 
due to the following reasons: 1) bubble disproportionation over time due to air diffusion from the 
higher pressure interior; 2) lamellae rupture from pushing and pulling between two bubbles and 
causes formation of holes; and 3) natural water drainage that removes of proteins around the 
bubbles, causing the film too thin to support the bubble eventually (Lomakina and Míková, 2006). 
According to Martínez et al (2014), extrusion (80 to 160oC) worsened FC for wheat flours extruded 
beyond 120oC, as well as FS. Extrusion decreased FC of wheat flour from ~52 (raw) to 31% 
(160oC), and FS from ~86 (raw) to 0% (160oC). Similar results were observed in a study by 
Onwulata et al. (2003) who extruded whey protein at 35-100oC at 38% moisture and found that 
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foam capacity and stability were significantly affected at and above 75oC. The foam capacity at 
35oC, decreased from ~298%, to 173 and 77% at extrusion temperature of 75 and 100oC 
respectively; and the foam stability at 35oC (~30%) decreased to ~17 and 8% respectively; at pH 
7, 85 and 95% of protein were found insoluble at temperature 75 and 100oC respectively, thus they 
concluded that the extrusion-induced protein insolubility was the main reason for the decrease 
observed. 
 (e) Pasting properties: Extrusion can result in great difference in the physicochemical 
properties of starch compared to the raw material, for example gelatinization/melting and 
dextrinization of starch generally happen during extrusion (Mitrus et al., 2017). These changes can 
be revealed in the pasting properties and based on which the effect of extrusion on starch could be 
better understood and entails different applications. In this study, the Rapid Visco Analyser (RVA) 
was used to test the degree of cook of the starch in the samples. RVA is a rotational viscometer 
that is used to describe the pasting properties of a flour or starch solution by measuring the 
viscosity of a sample continuously under controlled temperature and shear. Two standard testing 
profiles are provided by the manufacturer (Table 2.2) (Perten Instruments, 2015). Standard 1 is the 
AACC approved general method to analyze pasting properties of wheat or rye flour or starch 
(AACC, 2000b). Standard 2 increased the heating time for starch hydrolysis, thus is more accurate 
for samples like that are harder to hydrolyze due to their chemical composition. There are six key 
features collected from a pasting curve (Figure 2.5), which include:  
• Pasting temperature, which is the temperature at which swelling of starch granule begins 
defined as an increase in viscosity of 25 centipoise (cP)/20 sec (Juhász et al., 2005).  
• Peak viscosity, which is the maximum viscosity occurred during the heating or holding stage 
and is often correlated with final product quality. It is achieved when the rate of granule 
swelling (thus increase in viscosity) equals to the rate of breakdown of the granules. Thus, the 
difference in peak viscosity is related to the hydrating power and rate of disruption of the starch 
granules (Corke et al., 1997). Higher peak viscosity indicates greater thickening power of a 
material, thus maybe applied in foods requiring high gel strength and elasticity (Adebowale et 
al., 2005). 
• Trough viscosity, which is the viscosity at the end of the holding temperature before cooling 
starts and relates to how well the material can withstand heating and shearing processes. Thus, 
a starch or flour with high trough viscosity could be potentially incorporated into a formulation 
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that requires better heat and shear resistance during food processing. Kaur et al. (2007) reported 
that starch, when swelled, with lower amylose content is more susceptible to shear. 
• Breakdown viscosity, which is the difference between peak and trough viscosity, and is 
dependent on the nature of the sample, shear stress and temperature applied to it. The 
breakdown is the result of disruption of swollen starch granules during gelatinization 
(Kesarwani et al., 2016). It has been reported that protein content negatively correlates with 
breakdown viscosity (Champagne et al., 2007). Breakdown viscosity plays a significant role 
in estimation of the cooking quality of the test starch. For example, a higher peak and 
breakdown viscosity of cooked rice could indicate that the rice is soft and glutinous (Liu et al., 
2007).  
• Setback viscosity, which is the difference between final and trough viscosity, and describes the 
re-association between starch molecules upon cooling (known as retrogradation). Thus, it 
implies the degree of retrogradation (Kesarwani et al., 2016). It has been reported that protein 
content positively correlates with setback viscosity (Champagne et al., 2007). Higher setback 
viscosity indicates a stronger gel forming upon cooling, thus a harder final product.  
• Final viscosity, which describes the final viscosity after gelation of amylose and some 
amylopectin polymers occurs (Perten Instruments, 2015). It indicates the ability of the starch 
to form viscous paste after heating and cooling (Li et al., 2014). The ratio of final viscosity 
over trough viscosity is setback ratio. A lower setback ratio indicates the potential application 
of the starch as a good thickener and stabilizer during food processing (Corke et al., 1997). 
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Table 2.2 Manufacturer standard pasting profiles (Perten Instruments, 2015). 
Standard 1 Standard 2 
Time Type Value Time Type Value 
00:00:00 Temp 50oC 00:00:00 Temp 50oC 
00:00:00 Speed 960 rpm 00:00:00 Speed 960 rpm 
00:00:10 Speed 160 rpm 00:00:10 Speed 160 rpm 
00:01:00 Temp 50oC 00:01:00 Temp 50oC 
00:04:42 Temp 95oC 00:08:30 Temp 95oC 
00:07:12 Temp 95oC 00:13:30 Temp 95oC 
00:11:00 Temp 50oC 00:21:00 Temp 50oC 
00:13:00 End  00:23:00 End  
 
 
 
Figure 2.5  Typical pasting curve of starch measured by a rapid viscoelastic analyzer using 
Standard 1 profile. 
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Starch consumed by humans has mostly undergone some kind of processing (e.g. cooking), 
where native starch granules are gelatinized upon heating in water and retrograded during cooling.   
The degree of gelatinization and retrogradation are key to functional properties in food processing 
and could be demonstrated when performing pasting properties analysis by RVA. Botanical source 
of starch and processing conditions (time-temperature history) of the starch can determine the type 
and extent of changes in starch, resulting in different pasting properties (Wang and Copeland, 
2013). Pasting properties assist product developers in ingredient selection given the data received 
on the starches ability to perform as thickeners, shear stabilizers, and form gels.  
The analysis of pasting properties starts with hydration of a starch or flour sample. During 
hydration, water migrates into the starch granule to cause swelling, which is typically reversible if 
the temperature is <50oC. As temperatures increases further, the starch granule starts to lose its 
crystalline structure as amylose polymers leach out of the granule leading to increases in viscosity 
and a phenomenon known as pasting. The test starch will reach peak viscosity when the rate of 
granule swelling (increase in viscosity) equals to the rate of breakdown of the granules, which may 
occur at any time during the heating phase or hold phase, depending on the starch. Peak viscosity 
of starch from different botanical source also vary. For example, Srichuwong et al. (2005) reported 
that the peak viscosity of 8% (w/w) starch suspension of corn, rice, and potato are 176, 211, and 
791cP respectively. Whereas for pulse starch from black bean, chickpea, lentil and navy bean in 
8% (w/w) solution, peak viscosity was found to be 1987, 1754, 1692 and 2796 cP respectively 
(Byars and Singh, 2016). In Standard 1 profile, a sample will be held at 50oC for 1 min before 
heating starts. After 3 min 42 sec of heating, the sample is held at maximum temperature at 95oC 
for 2 min 30 sec. The decrease of viscosity (disruption of starch granules) may start to occur before 
reaching the maximum temperature as mentioned above and continues during this stage. The 
cooling stage starts at 7 min 12 sec into the test and lasts for 3 min 48 sec to reach the final 
temperature 50oC, during which an increase in viscosity occurs as retrogradation is observed. 
However, the initial viscosity increase is normally due to the drop of temperature. Then as cooling 
continues, the amylose polymers start to entangle with each other to form a gel (retrogradation). 
The entanglement, which can be indicated by the viscosity increase, is limited by high content of 
amylopectin in starch. Because unlike the longer unbranched amylose, the shorter and highly 
branched amylopectin does not associate with each other as efficiently as amylose. Therefore, the 
viscosity increases in the cooling stage for waxy starches (i.e. starches high in amylopectin) is 
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usually small. Upon cooling, the amylose leached out from starch granules would interact with 
each other through hydrogen bond and form “gel junction zones”. Although amylopectin does not 
contribute much to the initial retrogradation, this highly branched starch that is embedded in the 
amylose gel is responsible for long-term gel structure (Miles et al., 1985) and vice versa. During 
the 2 min holding stage after the final temperature is reached, the viscosity will continue to increase 
possibly due to incomplete thermal mixing with a cooler and viscous outer part but warmer center 
of the mixture. However, given enough time, a plateau will eventually be reached, which usually 
takes 3-4 min at 50oC (Crosbie and Ross, 2007).  
 As it relates to extrusion processing, starch degradation can have a big impact on the 
pasting properties of pre-cooked flours. Complete starch cooking when water content is low 
(<35%) could involve at least two mechanisms: (1) gelatinization in the presence of water (as 
previously described) and (2) starch melting under water-limiting conditions (Wang, 1993). In the 
case of the latter, when moisture content is <5% and temperature is high, a direct helix to coil 
transition occurs and starch crystallites melt into amorphous gels; when water is added up to 40%, 
starch gelatinizes in two steps: initial occurrence of disorder in double helices structure of 
amylopectin and melting (helix-coil transition) as amylopectin helices unwind to form amorphous 
gels (Waigh et al., 2000a,b). Starch will melt at 168oC without the presence of water, and at 123oC 
with 20% moisture (Tang and Ding, 1994). Ozcan and Jackson (2005) extruded corn starch at 
165oC at 20% moisture to find improved water absorption and solubility indices, and lower 
viscosity profiles compared with the native starch. Similar findings were reported by Hussain and 
Singh (2013), who investigated the pasting behavior of extruded rice grains at temperatures and 
moistures ranging between 59 - 110oC and 31 - 45%, respectively. They found that all pasting 
properties (peak, hold, breakdown, final and setback viscosity) were significantly lowered for all 
conditions, with barrel temperature having the most significant effect. They gave three reasons for 
the reduction in the overall viscosity after extrusion: (1) disrupted starch granules could not swell 
like the native starch; (2) the partially bound starch structure from retrogradation following 
extrusion could inhibit swelling; and (3) the denaturation of the major water absorber— protein— 
could also reduce the viscosity. 
(f) Thermal properties: Differential scanning calorimetry (DSC) has been widely used to 
study the thermal properties of food components, such as protein denaturation, starch 
gelatinization and melting and more. The rate of heat flow to the sample and a control material are 
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compared when heating or cooling them at the same rate; heat absorption or evolution of the 
sample changes the differential heat flow and a peak is recorded (Biliaderis, 1983). Two 
endothermic transitions are typically observed for native starches. The first peak at intermediate 
(45-50%) or higher water content and the temperature around 60 to 70oC is associated with 
gelatinization. Therefore, this peak is not exhibited by pre-gelatinised starches (Donovan, 1979). 
It has been reported by many that the endothermic peak is absent for pre-gelatinised starches 
(Davidson et al., 1984; Biliaderis et al., 1980; Gomez and Aguilera, 1983). The second peak at 
higher temperature is associated with “true melting” of the crystalline region of starch when heated 
under limited presence of water (Biliaderis et al., 1980). In addition to these two irreversible 
transitions, a reversible endotherm has been reported at even higher temperature (~100o C), which 
is associated with disordering process of amylose-lipid complexes (Kugimiya et al., 1980).  
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3. MATERIAL AND METHODS 
 
3.1  Materials 
Kabuli chickpea (dehulled) flour (Best Cooking Pulses Inc., Portage-La-Parrire, MB, 
Canada), white whole grain sorghum flour (ADM Milling Co., Decatur, Illinois, USA) and whole 
grain maize meal (Bunge Ltd., White Plains, New York, USA) were purchased for extrusion at the 
Saskatchewan Food Industry Development Centre Inc. (SFIDC; Saskatoon, SK, Canada). All other 
chemicals used in this study are of reagent grade, purchased from Sigma-Aldrich Co. (Oakville, 
ON, Canada). All extrudates were milled into flours using a hammer mill (DAO6, Fitzpatrick, 
Elmhurst, IL, USA) with a 1mm diameter round hole perforated screen. Pre-cooked flours were 
composite flours combined from two extrusion runs. 
A pre-study was set up to determine the best blending ratio of the chickpea and cereal flours 
to be used in extrusion based on the protein quality. Blends of chickpea: sorghum and chickpea: 
maize were then prepared through dry mixing the flours using vortex by weighing 10 g of total 
weight into a centrifuge tube at different ratios of 5:5, 6:4, 7:3 and 8:2 based on their dry weight 
(i.e., taking in account moisture). The composition and protein quality were then measured for all 
raw and blended flours. Based on the results, a blending ratio of 6:4 chickpea: cereals was selected 
for extrusion. 
 
3.2  Extrusion  
Extrusion were performed by a co-rotating twin-screw extruder (Clextral EV-32, Firminy, 
France) equipped with a volumetric feeder (Clextral VF/40/25-2) and a 2-blade die face cutter, at 
the SFIDC (Saskatoon, SK, Canada). The extruder barrel length: diameter ratio (L/D) and die 
diameter are 24:1 and 3 mm respectively. Screw speed and feed rate were kept constant 
respectively at 317 rpm and 14 kg/hr. There are six temperature zones within the extruder barrel: 
in zone 1,2 and 3 the temperature are set constant at 50, 80 and 100 oC, respectively; whereas zones 
4 to 6 will all be kept at the same temperature and change according to experimental design. 
Extrusion temperature, which is the temperature from zone 4 to 6, were at 120oC and 150oC, and 
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moisture content were adjusted to 20% and 24% by water injection. The end product – extrudates, 
were dried for 5 min at 105oC in a tunnel dryer (Chromalox, Pittsburgh, PA, USA). 
 
3.3  Physicochemical properties 
(a)  Proximate analyses 
 Moisture, crude protein and ash contents were determined according to AOAC methods 
925.10, 992.23 and 940.26 respectively (AOAC, 2000). Protein conversion factor was 6.25 for 
chickpea, sorghum, maize and the chickpea-cereal blends. Crude fat was determined 
gravimetrically by Swedish tube extraction using petroleum ether at POS Bio-Sciences 
(Saskatoon, SK, Canada), according to the method of Troeng (1955). Protein, ash and lipid 
contents are reported on percent dry weight basis (d.b.). All analyses were done in triplicate and 
reported as mean ± one standard deviation (n =3 ) except for crude lipid. 
 
(b)  Hardness (HD) 
Hardness was  measured as the maximum force (N) applied to break the extrudates. 
Hardness was measured using TMS-2000 Texture press (Food Technology Corporation, Sterling, 
VA, USA) equipped with a 1,334 N load cell and thin blade shear compression cell (Model CS-2) 
using a transducer speed is at 0.33 cm/s. Measurements were repeated six times for each moisture-
temperature treatment, and reported as mean ± standard deviation (n = 2). 
  
(c)  Expansion ratio (ER) 
Expansion ratio is the ratio between the diameter of the extrudates and the diameter of the 
extruder die orfice (3 mm). An electronic digital caliper (Model 62379-521, Traceable Products, 
TX, USA) was used. Measurements were repeated 40 times on extrudates from each moisture-
temperature treatment, and reported as mean ± standard deviation (n = 2). 
  
(d)  Bulk density (BD) 
Bulk density was determined by measuring the weight of extrudates required to fill a 1000 
mL container, recorded in g/L. Extrudates are randomly added into the container and shaken few 
times during filling. Measurements were repeated 6 times for each moisture-temperature treatment, 
and reported as mean ± standard deviation (n = 2). 
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(e)  Specific mechanical energy (SME) 
Specific mechanical energy was determined by the twin-screw extruder computer control 
system and recorded during extrusion. Measurements were repeated twice for each moisture-
temperature treatment and reported as mean ± standard deviation (n = 2). 
 
3.4  Functional properties 
(a)  Water hydration capacity (WHC) 
Water hydration capacity was determined by AACC method 56-20.01 (AACC, 1999). 
Briefly, 1 g of raw or pre-cooked flour was mixed with 20 mL of distilled water on a Vortex mixer 
for 10s at 0, 5 and 10 min followed by 15 min centrifugation (1,000 × g). Samples were analyzed 
in triplicate, and reported as the mean ± one standard deivation. WHC (g water/g flour) was 
determined according to Eq.1: 
 
       
𝑾𝑯𝑪 =
𝒔𝒆𝒅𝒊𝒎𝒆𝒏𝒕 𝒘𝒆𝒊𝒈𝒉𝒕 − 𝒔𝒂𝒎𝒑𝒍𝒆 𝒘𝒆𝒊𝒈𝒉𝒕
𝒔𝒂𝒎𝒑𝒍𝒆 𝒘𝒆𝒊𝒈𝒉𝒕 (𝒅𝒓𝒚 𝒃𝒂𝒔𝒊𝒔)
 
[3.1] 
 
(b)  Oil holding capacity (OHC) 
 Oil holding capacity was measured according to Nidhina and Muthukumar (2015) with 
some modifications. In brief, 1 g of raw and pre-cooked flour (W0) were wetted with 10 g of canola 
oil in a 50 mL centrifuge tube followed by 10 s vortex (VWR, Radnor, PA, USA) mixing every 5 
min for 30 min; then centrifuged at 1,000 × g for 15 min at room temperature and weigh pellet 
(W). Samples will be analyzed in triplicate, and reported as the mean ± one standard deivation. 
OHC was determined using Eq.2: 
 
       
𝑶𝑯𝑪 =
𝑾′ − 𝑾𝟎
𝑾𝟎
 
[3.2] 
 
(c)  Foaming capacity (FC) and stability (FS) 
 Foaming properties was determined according to Wilde and Clark (1996). In brief, 1% 
(w/w) raw and pre-cooked flour solutions, pH adjusted to 7.0 using 1 N NaOH, was prepared and 
stirred overnight (16-18 h). The pH of the solution will  then be re-adjusted to 7.0 prior to analysis. 
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15 mL solution was transferred into a 400 mL beaker and homogenized with thev fixture blade at 
the water-air interface using a Omni Macro Homogenizer (Omni International, Marietta, GA, 
USA) at speed 4 for 5 min. Generated foam was transferred immediately into a 50 mL graduated 
cylinder to record the initial volume (Vi), and final volume (Vf ) after 30 min of sitting. Samples 
were analyzed in triplicate, and reported as the mean ± one standard deivation. FC and FS were 
determined using Eq. 3 and 4: 
 
       
%𝑭𝑪 =
𝑽𝒊
𝟏𝟓 𝒎𝑳
× 𝟏𝟎𝟎% 
[3.3] 
 
       
%𝑭𝑺 =
𝑽𝒊 − 𝑽𝒇
𝑽𝒊
× 𝟏𝟎𝟎% 
[3.4] 
 
(d)  Emulsifying activity (EA) and stabilty (ES) 
 The emulsifying activity and emulsion stability were determined using the method from 
Kaur and Singh (2005). Emulsions were prepared by dispersing 3.5 g of raw or pre-cooked flour 
into 50 mL of water followed by 30 s of homoginization using Omni Macro Homogenizer (OMNI 
inc., Kennesaw, GA, USA) at speed 4. Then 25 ml canola oil was added and homoginized for 
another 30s. Another 25 ml of oil was added and homoginized for 90s. The homogenized mixture 
were then evenly devided and centrifuged in two 50 mL centrifuge tubes at 1,100 × g for 5 min. 
EA was measured as the percentage of the emulsified layer remaining after centrifugation. 
Calculation is shown in Eq. 5: 
 
      
%𝑬𝑨 =
𝑯𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒕𝒉𝒆 𝒆𝒎𝒖𝒍𝒔𝒊𝒇𝒊𝒆𝒅 𝒍𝒂𝒚𝒆𝒓
𝑯𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒕𝒉𝒆 𝒆𝒏𝒕𝒊𝒓𝒆 𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏 𝒊𝒏 𝒕𝒖𝒃𝒆
× 𝟏𝟎𝟎% 
[3.5] 
 
To test emulsion stability, the same emulsion prepared for the EA measurements was heated in a 
water bath at 85oC for 30 min, followed by 15 min cooling and centrifuged again at 1,100 × g for 
5 min. ES was calculated as the percentage of the emulsified layer that remained after the heat 
treatment, shown in Eq. 6: 
 
 39 
 
       
%𝑬𝑺 =
𝑯𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒕𝒉𝒆 𝒆𝒎𝒖𝒍𝒔𝒊𝒇𝒊𝒆𝒅 𝒍𝒂𝒚𝒆𝒓 𝒑𝒐𝒔𝒕 𝒉𝒆𝒂𝒕𝒊𝒏𝒈
𝑯𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝒕𝒉𝒆 𝒆𝒏𝒕𝒊𝒓𝒆 𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏 𝒊𝒏 𝒕𝒖𝒃𝒆
× 𝟏𝟎𝟎% 
[3.6] 
 Samples were analyzed in triplicate, and reported as the mean ± one standard deivation. 
 
(e)  Pasting properties 
Pasting properties of flours were determined by using a rapid visco analyser RVA4500 
(Perten Instruments Inc., Stockholm, Sweden). Sample weight was fixed at 3.50 g with 14% 
moisture basis to give a constant dry solids content of 10.6%. Samples were stirred at 160 rpm 
under the 23 min analysis model. RVA parameters such as peak viscosity, trough, breakdown, 
final viscosity, setback, peak temperature and peak time were recorded by a PC with Thermocline 
for Windows (TCW3) software. Samples were analyzed in triplicate, and reported as the mean ± 
one standard deivation. 
 
(f) Nitrogen Solubility Index (NSI) 
Nitrogen solubility index was determined according to the method used by Rimamcwe et 
al (2017). In brief, 1 g of raw and pre-cooked flours were added into water at a ratio of 1: 60. The 
solution pH was adjusted to pH 7.0 using 0.1 N NaOH and HCl. After 2 h of extraction, the 
suspension was centrifuged at 3,000 × g for 20 min at room temperature (25 ± 2oC) and nitrogen 
in the supernatant was determined by Micro-Kjeldahl method. The percent of nitrogen in flour 
samples was calculated as below:  
 
       𝑵𝒊𝒕𝒓𝒐𝒈𝒆𝒏 (%)
=  
𝑺𝒂𝒎𝒑𝒍𝒆 𝒕𝒊𝒕𝒓𝒆 − 𝑩𝒍𝒂𝒏𝒌 𝒕𝒊𝒕𝒓𝒆
𝑫𝒊𝒈𝒆𝒔𝒕 𝒖𝒔𝒆 𝒇𝒐𝒓 𝒅𝒊𝒔𝒕𝒊𝒍𝒍𝒂𝒕𝒊𝒐𝒏
×
𝑽𝒐𝒍𝒖𝒎𝒆 𝒎𝒂𝒅𝒆
𝑾𝒆𝒊𝒈𝒉𝒕 𝒐𝒇 𝑺𝒂𝒎𝒑𝒍𝒆 (𝒈)
× 𝑵𝒐𝒓𝒎𝒂𝒍𝒊𝒕𝒚 𝒐𝒇 𝒂𝒄𝒊𝒅 × 𝟏𝟒. 𝟎𝟎𝟕 ×
𝟏𝟎𝟎
𝟏𝟎𝟎𝟎
 
[3.7] 
 
 
       
𝑺𝒐𝒍𝒖𝒃𝒍𝒆 𝑵𝒊𝒕𝒓𝒐𝒈𝒆𝒏 (%) =  
𝒎𝒈 𝒐𝒇 𝒏𝒊𝒕𝒓𝒐𝒈𝒆𝒏 𝒊𝒏 𝒆𝒙𝒕𝒓𝒂𝒄𝒕
𝒎𝒈 𝒐𝒇 𝒏𝒊𝒕𝒓𝒐𝒈𝒆𝒏 𝒊𝒏 𝒔𝒂𝒎𝒑𝒍𝒆
× 𝟏𝟎𝟎 
[3.8] 
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(g)  Thermal properties 
 Differential scanning calorimeter (DSC, Model Q2000, TA Instruments Inc., New Castle, 
DE, U.S.A.) was used to test if complete gelatinization was achieved after exrusion, which is 
indicated by the absence of peak temperature. Method used was according to Ai et al. (2016) with 
slight modification. In brief, samples (~3 mg) were sealed in aluminum hermetic pan with 3× 
(w/w) of distilled water for 2 h of equilibration. The sample was then scanned from 10 to 105oC 
at the rate of 10oC/min. Test was done on extrudates treated at 120oC, 20% moisture and 150oC, 
24% moisture. The analysis was performed once, and the result is listed in section 4.1.3 and 4.2.4.  
 
3.5  Nutritional properties 
(a)  Amino acids 
The amino acid composition of all raw and pre-cooked flours was performed at POS Bio-
Sciences using a pico-tag amino acid analysis system (Waters Corporation, Milford, MA, USA) 
and high-performance liquid chromatography (HPLC). In general, 15 amino acid residues were 
quantified according to the method developed by Bidlingmeyer et al. (1987), which involves 
adding 15 mL of 6 N HCl to ~20 mg of samples and holding at 110ºC for 20 h to hydrolyze the 
proteins into individual amino acids prior to HPLC separation. The amount of sulfur-containing 
amino acids was determined according to Official Method 985.28 of AOAC International (AOAC, 
2000) with some modifications, in which the addition of 1-octanol was omitted; 10 mL of cold 
performic acid was added to oxidize cysteine and methionine overnight at 4ºC, prior to protein 
hydrolysis with 15 mL of 6 N HCl at 110ºC for 16 h. The quantity of tryptophan was determined 
according to Official Method 988.15 of AOAC International (AOAC, 2000) with modifications, 
in which samples were hydrolyzed by treating with 10 M NaOH in a boiling water bath for 20 min, 
and then in an oven at 110ºC for 16 h prior to HPLC separation. All analyses were performed in 
duplicate.  
An amino acid score was determined for each essential amino acid by taking the ratio of 
each essential amino acid within each raw and pre-cooked flour by the recommended standard 
levels (mg/g protein) putforth by the FAO: histidine (19), threonine (34), phenylalaine + tyrosine 
(63), valine (35), methionine + cysteine (25), isoleucine (28), leucine (66), lysine (58) and 
tryptophan (11) (WHO, 1991).  The limiting amino acid was denoted by the lowest ratio. 
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(b)  In vitro protein digestibility (IVPD) 
IVPD of the raw and extrude flours were assessed using the pH-drop method described by 
Hsu et al. (1977). The pH of the protein suspension drops as a result of enzymatic digestion by 
freshly prepared and pH-adjusted enzyme solutions containing porcine trypsin (Sigma T0303), α-
chymotrypsin from bovine pancreas (Sigma C4129) and protease from Streptomyces griseus 
(Sigma P5147). The pH drop (∆pH) for each sample was recorded over a 10 min period using a 
pH meter. Samples were analyzed in triplicate and reported as mean ± standard deviation (n=3). 
IVPD is calculated using Eq. 9: 
 
       𝑰𝑽𝑷𝑫 = 𝟔𝟓. 𝟔𝟔 + 𝟏𝟖. 𝟏 × ∆𝐩𝐇 [3.9] 
 
(c)  In vitro protein digestibility corrected amino acid score (IV-PDCAAS) 
 IV-PDCAAS was determined as decribed by Nosworthy et al. (2016) by multiplying the 
amino acid score of the limiting amino acid by the IVPD value for each sample. 
 
3.6  Statistical analysis 
Statistical analysis was performed using SigmaStat 4.0 (San Jose, CA, USA). An 
Individual Degree Orthogonal Contrast analysis was performed in conjunction with the General 
Linear Model to test pre-determined questions.  For instance, [1] raw vs. pre-cooked flours; and 
within the pre-cooked samples: [2] moisture - 20 vs 24%; [3] temperature 120 vs 150oC; and [4] 
the moisture x temperature interaction. Also, a one-way ANOVA along with Tukey test was used 
to test the effect of blending ratio on protein quality in study 2 to choose a blend ratio. Significant 
difference will be considered at alpha (α) < 0.05. 
 
 
  
 42 
 
 
 
 
4. RESULTS AND DISCUSSION 
 
4.1 The impact of extrusion conditions on the physical properties of chickpea, sorghum and 
maize extrudates, and the functionality of their raw and pre-cooked flours 
 
4.1.1 Composition of raw and precooked flours 
The proximate composition for raw and pre-cooked chickpea, sorghum and maize flours 
as a function of barrel temperature and moisture during the extrusion process is given in Table 4.1. 
Although significant differences were noted in both protein and ash levels in Table 4.2 for all raw 
and precooked flours, they were not deemed to be substantial. Protein levels in raw/precooked 
flours were found to be 20.5-23.2% (d.b.), 10.2-10.5% (d.b.), and 7.6-9.1% (d.b.) for chickpea, 
sorghum, and maize, respectively (Table 4.1). Of note, chickpea flour showed a reduction in 
protein content by ~3% after extrusion (Table 4.1). Ash levels were found to be 2.7-2.9 % (d.b.), 
1.4% (d.b.) and 1.6-1.7% (d.b.) for chickpea, sorghum and maize, respectively (Table 4.1). In the 
case of all flours, lipid contents were found to be decreased after extrusion.  For instance, chickpea 
flour saw a decrease with extrusion (regardless of the temperature/moisture) from 6.7 to ~5.6% 
(d.b.), sorghum from 3.0 to 1.0% (d.b.), and maize from 3.9 to 3.0% (d.b.) (Table 4.1).  
The protein content for chickpea is close to that reported by Nestares et al. (1996) (~21%), 
and within the range (21-25%) reported by Boye et al. (2010).  The protein content for sorghum 
flour aligns with that reported by Jafari et al. (2018); also, within the range of low-protein varieties 
for maize (~7 to 9%) reported by Sauberlich et al. (1953). The decrease in protein content for 
chickpea after cooking was also observed by Clemente et al. (1998), where a 3.4% decline was 
observed. Izzo and Ho (1989) proposed this declined was likely caused by an increase in shear 
(SME) within the extruder which would lead to an increase in protein unfolding. This process 
would then lead to more binding sites to become exposed for other components in the melt such 
as starch, sugar, other proteins, or lipids to interact with. The authors also reported that an increase 
in temperature did not lead to increased protein-lipid interactions, where the indigenous oil was 
less effective in binding with protein compared to added oil. The limit of protein-lipid interactions 
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depends on the number of hydrophobic sites exposed during extrusion (Mitchell and Areas, 1992). 
In general, the compositional properties in the present study did not substantially change because 
of extrusion with the exception for protein in chickpea and crude lipid, which both decreased after 
extrusion. This could be the result of the Maillard reaction and the formation lipid-starch 
complexes during extrusion. This hypothesis was supported by De Pilli et al. (2012) who found 
that starch-lipid complexes occurred under various extrusion conditions, and the formation of the 
complex was only significantly influenced by barrel temperature. 
 
Table 4.1  Proximate composition of raw and pre-cooked flour of chickpea, sorghum and 
maize. The pre-cooked flour represents a composite of two extrusion runs. Data 
represent the mean of triplicate measurements on the composite flour ± one standard 
deviation (n = 3). Data is reported on a dry weight basis, d.b. Only one measurement 
was made on the crude lipid. 
Flour Crude Protein 
(%, d.b.) 
Crude Ash 
(%, d.b.) 
Crude Lipid 
(%, d.b.) 
    
Chickpea    
Raw flour 23.19 ± 0.06 2.94 ± 0.02 6.76  
Pre-cooked flour    
120oC, 20% 20.87 ± 0.02 2.81 ± 0.02   5.52  
120oC, 24% 20.54 ± 0.02  2.76 ± 0.02 5.41  
150oC, 20% 20.65 ± 0.04  2.77 ± 0.00 5.83  
150oC, 24% 20.79 ± 0.02  
 
2.66 ± 0.09 5.93  
 
Sorghum    
Raw flour 10.47 ± 0.02 1.43 ± 0.04 2.96  
Pre-cooked flour    
120oC, 20% 10.52 ± 0.09  1.40 ± 0.03   0.84  
120oC, 24% 10.19 ± 0.08  1.41 ± 0.02 1.06  
150oC, 20% 10.24 ± 0.06  1.44 ± 0.02 0.90  
150oC, 24% 10.16 ± 0.15 1.40 ± 0.01 1.07  
 
Maize    
Raw flour 7.64 ± 0.02 1.75 ± 0.02 3.88  
Pre-cooked flour    
120oC, 20% 8.12 ± 0.04  1.64 ± 0.01   2.37  
120oC, 24% 9.07 ± 0.03 1.74 ± 0.01 3.41  
150oC, 20% 8.07 ± 0.01 1.75 ± 0.01 2.83  
150oC, 24% 8.05 ± 0.03 1.75 ± 0.02 3.47  
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Table 4.2a An individual degree of freedom (orthogonal) contrast analysis performed using the 
general linear model for chickpea, contrasting: raw vs. pre-cooked flours, 20% vs 
24% moisture (within the extruder), 120oC vs. 150oC (within the extruder), and the 
moisture x temperature interaction. 
Notes: 
1Forty results for each temperature/moisture combination. (n = 160, df = 158) 
2Six results for each temperature/moisture combination. (n = 24, df = 22) 
3Only one crude lipid measurement was taken. 
4Three results for each temperature/moisture combination using a composite flour blend from 
duplicate processing runs (n = 12, df = 10) 
5Foaming was not tested, since all pre-cooked flours were found to be non-foaming. 
 
Abbreviations: NT (Not tested); NS (Not significant, p>0.05) and SME (Specific mechanical 
energy) 
(*) Indicates data transformed by once by log 
(**) Indicates data transformed twice by log 
(+) Indicates one of the two assumptions (normality or variance test) failed during analyses 
 
Property Raw vs.   
pre-cooked 
Moisture 
during 
extrusion 
Temperature 
during 
extrusion 
Moisture x 
temperature 
interaction 
a) Physical parameters     
Expansion index1 NT p<0.001 p<0.001 p<0.001 
Bulk density2 NT NS+ p<0.001+ NS+ 
Hardness2* NT NS p<0.001 NS 
SME3 NT NS+ p<0.01+ NS+ 
     
b) Composition4,5     
Protein4 p<0.001 p<0.001 NS p<0.01 
Ash4 p<0.001+ p<0.01+ p<0.05+ NS+ 
Lipid3 NT NT NT NT 
     
c) Functionality4,5     
Water hydration capacity p<0.001 NS NS p<0.01 
Oil holding capacity** NS NS p<0.001 NS 
Emulsion activity p<0.001 p<0.001 p<0.001 p<0.05 
Emulsion stability p<0.001 p<0.001 p<0.001 p<0.001 
RVA – peak viscosity p<0.001 NS NS NS 
RVA – Trough viscosity p<0.001 p<0.001 NS NS 
RVA – Breakdown viscosity* NS p<0.01 NS NS 
RVA- Final viscosity* p<0.001 p<0.001 NS NS 
RVA – Setback viscosity* p<0.001 p<0.001 NS NS 
RVA – Pasting temperature* p<0.01 NS NS NS 
     
d) Protein quality4     
IVPD p<0.001 p<0.01 p<0.001 NS 
IV-PDCAAS NS NS p<0.001 NS 
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Table 4.2b  An individual degree of freedom (orthogonal) contrast analysis performed using the 
general linear model for sorghum, contrasting: raw vs. pre-cooked flours, 20% vs 
24% moisture (within the extruder), 120oC vs. 150oC (within the extruder), and the 
moisture x temperature interaction. 
Notes: 
1Forty results for each temperature/moisture combination. (n = 160, df = 156) 
2Six results for each temperature/moisture combination. (n = 24, df = 22) 
3Only one crude lipid measurement was taken. 
4Three results for each temperature/moisture combination using a composite flour blend from 
duplicate processing runs (n = 12, df = 10) 
5Foaming was not tested, since all pre-cooked flours were found to be non-foaming. 
 
Abbreviations: NT (Not tested); NS (Not significant, p>0.05) and SME (Specific mechanical 
energy) 
(*) Indicates data transformed by once by log 
(**) Indicates data transformed twice by log 
(+) Indicates one of the two assumptions (normality or variance test) failed during analyses 
 
Property Raw vs.  pre-
cooked 
Moisture 
during 
extrusion 
Temperature 
during 
extrusion 
Moisture x 
temperature 
interaction 
a) Physical parameters     
Expansion index1* NT p<0.01 p<0.001 p<0.01 
Bulk density2* NT p<0.001 p<0.001 p<0.01 
Hardness2* NT p<0.001 p<0.001 NS 
SME3 NT p<0.05+ NS+ NS+ 
     
b) Composition4,5     
Protein4 p<0.001 p<0.001 p<0.001 p<0.001 
Ash4 NS NS NS NS 
Lipid3 NT NT NT NT 
     
c) Functionality4,5     
Water hydration capacity p<0.001 p<0.01 p<0.001 p<0.001 
Oil holding capacity p<0.01 NS p<0.01 NS 
Emulsion activity* p<0.001 p<0.001 p<0.001 p<0.05 
Emulsion stability p<0.001 p<0.001 p<0.001 p<0.001 
RVA – peak viscosity p<0.001 p<0.001 p<0.001 p<0.001 
RVA – Trough viscosity** p<0.001 p<0.001 p<0.001 p<0.001 
RVA – Breakdown viscosity* p<0.001 p<0.001 p<0.001 p<0.001 
RVA- Final viscosity* p<0.001 p<0.001 p<0.001 p<0.001 
RVA – Setback viscosity p<0.001+ NS+ NS+ NS+ 
RVA – Pasting temperature NT NT NT NT 
     
d) Protein quality4     
IVPD NS NS NS NS 
IV-PDCAAS NS p<0.001 p<0.001 p<0.001 
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Table 4.2c  An individual degree of freedom (orthogonal) contrast analysis performed using the 
general linear model for maize, contrasting: raw vs. pre-cooked flours, 20% vs 24% 
moisture (within the extruder), 120oC vs. 150oC (within the extruder), and the 
moisture x temperature interaction. 
Notes: 
1Forty results for each temperature/moisture combination. (n = 160, df = 156) 
2Six results for each temperature/moisture combination. (n = 24, df = 22) 
3Only one crude lipid measurement was taken. 
4Three results for each temperature/moisture combination using a composite flour blend from 
duplicate processing runs (n = 12, df = 10) 
5Foaming was not tested, since all pre-cooked flours were found to be non-foaming. 
 
Abbreviations: NT (Not tested); NS (Not significant, p>0.05) and SME (Specific mechanical 
energy) 
(*) Indicates data transformed by once by log 
(**) Indicates data transformed twice by log 
(+) Indicates one of the two assumptions (normality or variance test) failed during analyses 
 
 
Property Raw vs.   
pre-cooked 
Moisture 
during 
extrusion 
Temperature 
during 
extrusion 
Moisture x 
temperature 
interaction 
a) Physical parameters     
Expansion index1 NT p<0.001 p<0.001 p<0.001 
Bulk density2 NT p<0.001+ p<0.001+ p<0.001+ 
Hardness2 NT p<0.001 p<0.05 NS 
SME3 NT p<0.001 NS NS 
     
b) Composition4,5     
Protein4 p<0.001 p<0.01 p<0.01 NS 
Ash4 p<0.01 p<0.001 p<0.001 p<0.001 
Lipid3 NT NT NT NT 
     
c) Functionality4,5     
Water hydration capacity p<0.001 p<0.001 p<0.001 p<0.001 
Oil holding capacity NS p<0.05 NS NS 
Emulsion activity* p<0.001 p<0.001 p<0.001 p<0.001 
Emulsion stability p<0.001 p<0.001 NS NS 
RVA – peak viscosity p<0.001 p<0.001 p<0.001 p<0.01 
RVA – Trough viscosity p<0.001+ p<0.001+ p<0.05+ p<0.01+ 
RVA – Breakdown viscosity p<0.001 p<0.001 p<0.001 p<0.001 
RVA- Final viscosity* p<0.001 p<0.05 NS NS 
RVA – Setback viscosity** p<0.001 p<0.001 p<0.001 p<0.001 
RVA – Pasting temperature NT NT NT NT 
     
d) Protein quality4     
IVPD p<0.001 NS NS NS 
IV-PDCAAS NS p<0.001 p<0.001 p<0.001 
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4.1.2 Physical properties of the extrudates 
The SME, expansion ratio, bulk density, and hardness for chickpea, sorghum and maize 
fours as a function of barrel temperature and moisture is given in Table 4.3. An orthogonal 
individual degree of freedom analysis was used to delineate main the effects of temperature (120 
vs 150oC) and moisture (20 vs 24%) in the extruder, and their interactions in terms of the physical 
properties of the extrudates. In the case of SME, the effect of temperature was significant for 
chickpea, whereas sorghum and maize were only affected by moisture during extrusion (Table 
4.2). SME values decreased from ~434 to 245 kJ/kg for chickpea as the barrel temperature 
increased from 120oC to 150oC, and from ~625 to ~432 kJ/kg, and ~447 to ~425 kJ/kg for sorghum 
and maize flours respectively as the extrusion moisture increased from 20 to 24%. Onwulata et al. 
(2001) reported the same reduction in SME when they incorporated 250 g/kg sweet whey solids 
and 500 g/kg whey protein concentrate to corn meal. The reduction in SME values with chickpea 
is thought to be associated with the elevated barrel temperature which acts to decrease the melt 
viscosity; thus, if moisture content, screw speed, and mass flow rate remain constant, SME would 
decrease (Akdogan, 1996). Planttner (2007) found that any increase in resistance to flow will 
increase SME. The lower starch and, higher protein and lipid content found within the chickpea 
was thought to cause the reduced melt viscosity relative to the cereal flours in the present study, 
which in turn lead to lower SMEs. Additionally, Ryu et al. (2001) reported that higher viscosity of 
melt due to lower melt temperature and moisture can also result in higher SME. Balasubramanian 
et al. (2012) found that incorporating of different legume blends into sorghum flour decreased the 
pasting properties of the extrudates; specifically, peak, trough, breakdown, final and setback 
viscosities of sorghum decreased from 455 to 320 cP, 226 to 214 cP, 229 to 106 cP, 281 to 259 cP 
and 55 to 45 cP respectively upon incorporating 15% of legume blends. 
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Table 4.3 Physical properties of raw flour and extrudates of chickpea, sorghum and maize.  
Notes: 
1Data represent the mean from duplicate extrusion processing runs ± one standard deviation (n = 
2). 
2Data represent the mean values of 20 measurements for each duplicate extrusion processing runs 
± one standard deviation (n = 40). 
3Data represent the mean values of 3 measurements for each duplicate extrusion processing runs 
± one standard deviation (n = 6). 
Abbreviations: SME (Specific mechanical energy) 
 
The expansion ratio (ER) of all three flours was found to be significantly affected by barrel 
temperature and moisture, as well as their interaction (Table 4.2). The significant effect of 
temperature-moisture interaction on expansion ratio was also reported by Yovchev et al. (2017), 
who extruded barley and chickpea flours at 120 and 150oC at 20 to 24% moisture content. In the 
case of chickpea flour in the current study, expansion ratios were found to be similar at 120oC (2.5) 
regardless of the moisture content, but then increased overall as the barrel temperatures increased 
to 150oC. At this temperature, the expansion ratio was found to increase from ~3.0 to ~3.5 as the 
moisture content increased from 20 to 24% (Table 4.3). However, a different trend in the ER data 
was observed for the two cereals than for the chickpea. For sorghum, at 120oC the expansion ratio 
was found to decrease from ~3.2 to ~2.9 as the moisture increased from 20 to 24%, whereas at 
150oC no effect of moisture was evident (3.2). In the case of maize, ER was found to be greater at 
120oC (~4.9) than at 150oC (~3.3), however the amount of decline with increased moisture at each 
Barrel Temperature SME1 
(kJ/kg) 
Expansion ratio2 Hardness3 
(N) 
Bulk density3 
(g/L) 
     
Chickpea     
120oC, 20% 445.0 ± 0.5 2.5 ± 0.2 449.1 ± 33.9 280.8 ± 10.7 
120oC, 24% 423.8 ± 0.5 2.5 ± 0.3 448.1 ± 38.1 296.0 ± 6.5 
150oC, 20% 222.1 ± 0.0 3.0 ± 0.3 248.5 ± 18.7 160.2 ± 27.7 
150oC, 24% 266.9 ± 76.2 3.5 ± 0.3 271.3 ± 11.0 134.9 ± 30.9 
     
Sorghum     
120oC, 20% 681.4 ± 0.0 3.2 ± 0.4 194.4 ± 10.0 115.3 ± 14.9 
120oC, 24% 431.8 ± 0.5 2.9 ± 0.3 211.0 ± 8.3 168.1 ± 8.2 
150oC, 20% 567.7 ± 161.4 3.2 ± 0.2 168.4 ± 3.9 82.7 ± 4.3 
150oC, 24% 432.7 ± 0.8 3.2 ± 0.3 191.3 ± 9.4 99.9 ± 6.5 
     
Maize     
120oC, 20% 446.5 ± 0.0 4.6 ± 0.4 186.1 ± 13.9 44.3 ± 0.7 
120oC, 24% 425.4 ± 0.0 3.6 ± 0.3 205.8 ± 8.8 100.7 ± 2.5 
150oC, 20% 446.9 ± 0.5 3.5 ± 0.3 159.0 ± 11.0 57.7 ± 0.5 
150oC, 24% 425.4 ± 0.0 3.1 ± 0.3 194.4 ± 27.4 82.0 ± 0.8 
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temperature was different.  At 120oC, expansion ratios declined from 4.6 to 3.6, whereas at 150oC, 
expansion ratios decline less from 3.5 to 3.1 (Table 4.3). In general, under the same extrusion 
temperature, the increase in moisture content had a positive effect on ER of chickpea, but negative 
on the two cereals. This difference in ER in chickpea and cereals was also reported by Yovchev et 
al. (2017) who found an increase in the expansion of chickpea extrudates under higher temperature 
and moisture, whereas higher expansion of their cereal sample barley was obtained at lower 
moisture only. The authors assumed that this was the result of differences within the protein 
content in the flours. Onwulata and Konstance (2006) proposed that higher protein content is 
responsible for lower melt viscosity and thus can result in less expansion. It is also possible that 
chickpea with high protein content would require higher moisture and temperature to overcome 
the interaction between protein and starch which opposes expansion. In general, among the various 
reported on ER, barrel temperature, moisture, and screw speed are considered the most significant 
parameters (Ding et al., 2006; Meng et al., 2010; Waramboi et al., 2014). In general, increasing 
melt viscosity increases the ER (Ding et al., 2006). However, Meng et al. (2010) reported that at 
very high temperatures (>168oC), ER starts to decline with the increase of temperature. Along with 
Ilo et al. (1996) and Doğan and Karwe (2003), they hypothesized that there is a temperature plateau 
between 150 to 170oC where air bubbles within the extrudate start to rupture due to starch 
degradation. Also, starch composition can also affect expansion. Chinnaswamy and Hanna (1988b) 
reported that the higher the amylose content the greater the expansion but the highest expansion 
was at 50% amylose for corn starch, and beyond that expansion decreased. 
In the case of hardness (HD), only the barrel temperature was found to be significant for 
chickpea flour, where HD decreased from ~449 to ~260 N as temperatures increased from 120 to 
150oC (Table 4.3, 4.2a). In the case of both sorghum and maize flours, both temperature and 
moisture were found to be significant, but not their interaction (Table 4.2b,c). For both flours, HD 
decreased as the barrel temperatures increased from 120 to 150oC, from ~203 to ~180 N, and ~196 
to ~178 N for sorghum and maize respectively (Table 4.1). HD was also found to increase as 
moisture increased from 20 to 24%, going from ~181 to ~201 N, and ~173 to ~200 N for sorghum 
and maize flours, respectively (Table 4.3). Similar results were reported by Yovchev et al. (2017), 
where temperature, moisture or screw speed had no significant effect on hardness of chickpea 
(Desi) extrudates but exit-die temperature was marginally significant (p<0.1). However, all three 
extrusion parameters had a significant effect on hardness for barley, where lower hardness was 
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observed under low moisture, high temperature and moderate to high screw speed. Brnčić et al. 
(2006) also drew the same conclusion in terms of the effects of extrusion conditions on the 
hardness of wheat extrudates. In general, high barrel temperature and low feed moisture led to 
decreased HD. This is hypothesized to be the result of greater expansion that occurs at higher 
temperature, where extrudates become more puffed and less dense, and therefore less hard. In this 
study, the drop in HD for cereals because of increased moisture is probably due to reduced 
elasticity of the dough through plasticization, which resulting in reduced SME and gelatinization, 
thus less expansion and greater HD (Ding et al., 2006). HD of chickpea was less sensitive to this 
than the cereal flours possibly because the chickpea flour contains more protein and crude lipid, 
while less starch, which is most responsible in expansion characteristics. 
For bulk density (BD), the effect of temperature was found to be significant (Table 4.2a) 
for chickpea where density was higher at the 120oC (~288 g/L) than at 150oC (~148 g/L) (Table 
4.3). For both sorghum and maize flours, BD was found to be significantly affected by barrel 
temperature and moisture, as well as their interaction (Table 4.2b,c). Overall, BD for sorghum 
flours was found to be greater at 120oC (~142 g/L) than at 150oC (~91 g/L), however at the 120oC 
barrel temperature the magnitude of increase was greater with increases in moisture than at the 
150oC temperature. In the case of the former, BD increased from ~115 to ~168 g/L as moisture 
increased from 20 to 24%, whereas at 150oC BD increased to a lesser degree raising from ~83 to 
~100 g/L (Table 4.3). Such increase in bulk density was also reported by Sacchetti et al. (2004). 
The authors found that BD decreased from ~238 to 130 g/L as temperature increased from 85 to 
125oC for their chestnut (42%) and rice (58%) flour blend. A similar trend was evident in the case 
of maize flour in the current study, where bulk density was higher at the 120oC (~73 g/L) than at 
the 150oC temperature (~69 g/L). And that bulk density increased from ~44 to ~101 g/L at 120oC 
as the moisture increased from 20 to 24%, whereas at 150oC the increase in bulk density with 
moisture was less (~58 to ~ 82 g/L) (Table 4.3). In general, an increase in temperature would result 
in less BD due to the greater expansion occurring during extrusion. The lack of correlation between 
BD and ER for sorghum and maize in this study could be the difference in packing of the 
extrudates. At higher temperatures, water instantaneous evaporates at the die more dramatically 
due to the temperature differential leading to expansion.  Cereals experienced a greater amount of 
expansion (therefore lower BD values) than the chickpea flour due to their higher content of starch 
which is responsible for the expansion. The negative correlation of bulk density and expansion, 
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and positive correlation of bulk density and hardness was also reported by Yovchev et al. (2017). 
The authors found that temperature and screw speed (which is constant in the current study) had a 
significant effect on bulk density for chickpea, whereas all three factors (temperature, moisture 
and screw speed) and their interactions had significant effects on barley. It has been reported by 
many that extrusion conditions with high barrel temperature and low feed moisture in general 
would produce extrudates that are highly expanded with lower bulk density and hardness (Meng 
et al., 2010; Hagenimana et al., 2006; Lazou and Krokida, 2010). 
 
4.1.3 Functional properties 
The functional properties for the chickpea, sorghum and maize for the raw and pre-cooked 
flours, and as a function of barrel temperature and moisture is given in Table 4.4 and Table 4.5. 
An orthogonal individual degree of freedom analysis was used to delineate differences between 
raw and pre-cooked flours, and among extrusion conditions [i.e., effects of temperature (120oC vs 
150oC) and moisture (20 vs 24%) along with their interactions] for the pre-cooked flours, as it 
relates to the functional properties of their flours (Table 4.2).  
 
Water hydration capacity  
The water hydration capacity (WHC) for all pre-cooked flours were found to significantly 
increase relative to raw flours (Table 4.2). For instance, WHC increased from ~2.1 to ~4.2 g/g for 
chickpea flour, from ~2.1 to ~5.4 g/g for sorghum flour, and from ~1.8 to ~6.2 g/g for maize (Table 
4.4). WHC for all pre-cooked flours were found to be significantly affected by barrel temperature, 
moisture and their interaction (Table 4.2). For all flours cooked at the 120oC barrel temperatures, 
WHC was found to decrease slightly as the moisture values increased. For instance, WHC 
decreased from ~4.3 to ~4.1 g/g for chickpea, from ~5.4 to ~5.0 g/g for sorghum and from ~6.0 to 
~5.6 g/g for maize as moisture increased from 20 to 24% (Table 4.4). As barrel temperature 
increased to 150oC, the opposite trend with increasing moisture was observed for all flours. For 
instance, WHC was found to increase from ~4.0 to ~4.3 g/g for chickpea, from ~5.6 to ~5.7 g/g 
for sorghum, and from ~6.6 to ~6.7 g/g for maize with the increase of moisture (Table 4.4). A 
similar phenomenon has been reported by Alonso et al. (2000) and Martínez et al. (2014). For 
instance, Alonso et al. (2000) reported that extrusion (148oC to 150oC, 25% moisture) increased 
the WHC from 1.24 to 2.86 g/g for peas and 2.00 to 2.93 g/g for kidney beans. And, Martínez et 
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al. (2014) reported progressive increase in water binding capacity and swelling with the increase 
of extrusion intensity, specifically the increase of temperature and decrease in moisture content. 
The increase in WHC after extrusion is thought to be associated with both protein and starch. 
Alonso et al. (2000) suspected that physical retention of water through capillary action in the new 
structure formed by aggregation of proteins probably plays the major role in the increased WHC. 
Camire et al. (1990) suggested that a poorly ordered molecular phase with hydroxy groups in the 
disrupted starch granules can bind water readily. Therefore, the gelatinization and disruption of 
starch granules during extrusion would allow water to bind easily upon rehydration. It was also 
postulated that protein with high molecular weight such as 7S and 11S (Naismith, 1955), which 
are the main constituents in chickpea, can dissociate upon heating, and possibly resulting in protein 
subunits with more water binding sites than the oligomeric protein (Narayana and Narasinga Rao., 
1982). Although protein have an important role in WHC, its contribution could be hampered by 
extrusion processing. Since extrusion exposes hydrophobic protein residues, it is likely that pre-
cooked starch is more hydrophilic in comparison. The pre-cooked cereal flours showed a greater 
increase in WHC than that of the chickpea flour in the current study, possibly because the latter 
has less starch than the cereals, and more protein and fat. Water and temperature play important 
roles in starch gelatinization, which affects WHC. Typically, higher moisture results in reduced 
viscosity and less energy input into the melt, thus lower temperatures. In return, starch 
gelatinization might be interfered at a high moisture and low temperature condition and results in 
reduced WHC. However, the negative effect of increased moisture content could be reversed under 
high temperature, which in return assists starch gelatinization.   
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Table 4.4 Functional properties of raw and pre-cooked flour of chickpea, sorghum and maize. The pre-cooked flour represents a 
composite of two extrusion runs. Data represent the mean of triplicate measurements on the composite flour ± one 
standard deviation (n = 3). 
Flour WHC 
(g/g) 
OHC 
(g/g) 
Emulsion 
Activity (%) 
Emulsion 
Stability (%) 
Foaming 
Activity (%) 
Foaming 
Stability (%) 
 
NSI (%) 
        
Chickpea         
Raw flour 2.13 ± 0.17 1.37 ± 0.06 50 ± 0 55 ± 0 250 ± 16 3 ± 0.0 16.2 ± 0.2  
Pre-cooked flour        
120oC, 20% 4.26 ± 0.09 1.28 ± 0.05 44 ± 0 45 ± 0 ND ND NT 
120oC, 24% 4.10 ± 0.02 1.33 ± 0.03 46 ± 0 40 ± 0 ND ND NT 
150oC, 20% 4.02 ± 0.11 1.17 ± 0.03 45 ± 0 41 ± 0 ND ND NT 
150oC, 24% 4.31 ± 0.04 1.19 ± 0.03 47 ± 0 41 ± 0 ND ND 2.3 ± 0.0 
        
Sorghum         
Raw flour 2.13 ± 0.03 1.45 ± 0.07 38 ± 0  48± 0 113 ± 1 7 ± 0.0 2.7 ± 0.1 
Pre-cooked flour        
120oC, 20% 5.35 ± 0.06  1.39 ± 0.03 46 ± 0 40 ± 0 ND ND NT 
120oC, 24% 4.99 ± 0.04 1.45 ± 0.01 48 ± 0 38 ± 0 ND ND NT 
150oC, 20% 5.56 ± 0.01 1.51 ± 0.05 44 ± 0 42 ± 0 ND ND NT 
150oC, 24% 5.74 ± 0.05 1.51 ± 0.01 47 ± 0 39 ± 0 ND ND 0.5 ± 0.0 
        
Maize         
Raw flour 1.78 ± 0.01 1.51 ± 0.07 45 ± 1 40 ± 0 ND ND 2.8 ± 0.1 
Pre-cooked flour        
120oC, 20% 5.98 ± 0.04 1.40 ± 0.07 51 ± 0 51 ± 0 ND ND NT 
120oC, 24% 5.62 ± 0.08 1.34 ± 0.06 43 ± 0 44 ± 1 ND ND NT 
150oC, 20% 6.58 ± 0.02 1.44 ± 0.04 51 ± 1 52 ± 0 ND ND NT 
150oC, 24% 6.65 ± 0.03 1.34 ± 0.07 48 ± 0 44 ± 0 ND ND 1.5 ± 0.1 
        
Notes: 
Abbreviations: WHC (water hydration capacity), OHC (oil holding capacity), NSI (Nitrogen solubility index), ND (not detected), and 
NT (Not tested). 
5
3
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Table 4.5 Pasting properties of raw and pre-cooked flours of chickpea, sorghum and maize.  The pre-cooked flour represents a 
composite of two extrusion runs. Data represent the mean of triplicate measurements on the composite flour ± one 
standard deviation (n = 3). 
Flour Peak viscosity 
(cP) 
Trough  
(cP)  
Breakdown 
(cP) 
Final viscosity 
(cP) 
Setback  
(cP) 
Pasting 
Temperature 
(oC) 
       
Chickpea        
Raw flour 879.0 ± 25.2 836.0 ± 13.1 43.0 ± 13.1 1163.0 ± 26.1 327.0 ± 15.6 85.0 ± 0.3 
Pre-cooked flour       
120oC, 20% 130.0 ± 22.6 75.3 ± 1.5 54.7 ± 22.4 113.0 ± 1.0 37.7 ± 1.5 57.6 ± 8.1 
120oC, 24% 124.3 ± 12.7 102.0 ± 8.7 22.3 ± 4.5 169.3 ± 9.3 67.3 ± 0.6 54.8 ± 1.5 
150oC, 20% 133.0 ± 20.8 72.0 ± 1.0 61.0 ± 19.9 113.0 ± 41.0 41.0 ± 2.6 54.0 ± 2.7 
150oC, 24% 122.7 ± 15.0 94.0 ± 1.7 28.7 ± 13.3 161.0 ± 1.7 67.0 ± 0.0 60.2 ± 1.4 
       
Sorghum        
Raw flour 2,286.7 ± 4.0 1,450.0 ± 60.7 836.7 ± 60.9 4,377.3 ± 156.5  2,927.7 ± 149.4 87.1 ± 0.1 
Pre-cooked flour       
120oC, 20% 206.0 ± 0.0 142.0 ± 0.0 64.0 ± 0.0 153.7 ± 1.5 11.7 ± 1.5  ND 
120oC, 24% 142.0 ± 1.0 135.3 ± 1.5 6.7 ± 0.6 138.3 ± 0.6 3.0 ± 1.0 ND 
150oC, 20% 200.3 ± 1.5 121.0 ± 1.0 79.3 ± 0.6 158.0 ± 2.0 37.7 ± 2.1 ND 
150oC, 24% 289.0 ± 2.0 179.7 ± 1.2 109.3 ± 1.2 229.0 ± 1.0 49.3 ± 0.6 ND 
       
Maize        
Raw flour 2,170.0 ± 15.5 1,287.7 ± 11.7 882.3 ± 17.2 3,840.7 ± 57.6 2,553.0 ± 51.4 76.7 ± 0.0 
Pre-cooked flour       
120oC, 20% 377.7 ± 4.9 51.3 ± 0.6 326.3 ± 4.7 85.3 ± 1.5 34.0 ± 1.0 ND 
120oC, 24% 243.3 ± 2.1 81.3 ± 0.6 162.0 ± 1.7 122.0 ± 1.7 40.7 ± 1.5 ND 
150oC, 20% 438.7 ± 6.7  56.3 ± 0.6 382.3 ± 7.1 89.3 ± 0.6 33.0 ± 0.0 ND 
150oC, 24% 359.0 ± 24.3 62.3 ± 2.1 296.7 ± 22.4 120.3 ± 6.4 58.0 ± 4.4 ND 
       
Notes: 
Abbreviation: cP (centipoise = millipascal * second, mPa∙s) and ND (not detected).
5
4
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Oil holding capacity  
The oil holding capacity (OHC) was found only significantly different for sorghum before 
and after extrusion (Table 4.2, 4.4). An orthogonal individual degree of contrast analysis found 
that for chickpea and sorghum flours, only the effect of barrel temperature was significant (Table 
4.2a,b). OHC was found to decrease slightly as barrel temperatures were increased from 120 to 
150oC in the case of chickpea flour, whereas the opposite trend occurred for sorghum where OHC 
increased slightly as barrel temperatures increased (Table 4.4). In contrast, only the moisture 
content significantly impacted OHC of pre-cooked maize flours where OHC decreased slightly as 
moisture increased (Table 4.2c, 4.4). The overall negative effect of extrusion on OHC in this study 
was also observed by Alonso et al. (2000), who reported the decrease in oil absorption capacity in 
kidney bean from 1.34 to 1.00 g/g after extrusion at 115 to 135oC and 10 to 18% moisture content. 
The decrease in OHC indicates the overall drop in hydrophobicity of samples after extrusion, 
during which protein denaturation, aggregation and hydrophobic group interaction could happen 
(Li and Lee, 1996).  On the other hand, Narayana and Narasinga Rao (1982) reported that OHC of 
heated winged bean flour increased from 1.4 to 2.2 g/g. The contradictory results indicate that the 
more severe condition, especially the shear effect during extrusion, decreased the ability of protein 
to bind lipid. 
 
Emulsification  
Emulsification activity (EA) for all raw and pre-cooked flours were found to be 
significantly different (Table 4.2). In the case of chickpea flour, EA was lowered from 50% to 
~46% after extrusion, whereas sorghum and maize both had an increase after extrusion from 38 to 
~46%, and from ~45 to ~48%, respectively (Table 4.4). This increase in EA for cereal flours might 
be contributed to their lower crude lipid content and higher starch levels. Kasprzak et al. (2018) 
found that at least three types of non-chemically gelatinized starches (waxy rice, non-waxy rice 
and waxy maize starch) exhibited emulsifying capacity, and the ability for interfacial adsorption 
of these starches are independent from their crystallinity or amylose content. For all pre-cooked 
flours in the current study, EA was found to be significantly affected by moisture, barrel 
temperature and their interaction (Table 4.2). For pre-cooked chickpea flour, EA was found to 
increase at 120oC from 44 to 46% as moisture increased from 20 to 24%, and at 150oC from 45 to 
47% with the same increase in moisture (Table 4.4). For pre-cooked sorghum flour, EA was found 
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to increase at 120oC from 46 to 48% as moisture was increased from 20 to 24%, and at 150oC from 
44 to 47% (Table 4.4). In contrast for pre-cooked maize flour, EA was found to decrease at 120oC 
from 51 to 43% and 51 to 48% at 150oC as moisture increased from 20 to 24% (Table 4.4). This 
opposite trend in EA values in response to increased moisture in the case of maize relative to 
chickpea and sorghum flours may be the result of extrusion damage to natural gums present in the 
maize which act as emulsifiers like corn fiber gum (Singkhornart et al., 2013). The EA for chickpea 
in this study is similar to that was reported by Bai et al (2018) 44 to 47%, who studied the effect 
of infrared heating on functionality of Desi chickpea and hull-less barley. However, they reported 
an increase in EA of chickpea after heat treatment in contrary to the current result. Many related 
studies on emulsion were mostly focused on protein concentrates or isolates (Manoi and Rizvi, 
2009; Lam et al., 2008; Liu et al., 2009). For example, Bueno et al. (2009) investigated the effect 
of extrusion on the emulsifying properties of soybean proteins and pectin mixtures, and they 
reported a 41% increase in emulsion capacity of the mixtures. Emulsion activity is mostly affected 
by protein solubility and hydrophobicity (Torrezan et al., 2007). A popular hypothesis describes 
that extrusion denatures proteins leading to improved adsorption of protein molecules at the 
interface resulting from more exposure of hydrophobic groups, resulting in improved 
emulsification properties. On the other hand, protein aggregation and decrease in protein solubility 
because of processing can negatively affect emulsion properties (Mirmoghtadaie et al., 2016). 
Wang et al. (2008) reported that protein aggregation can lead to reduced protein molecule 
flexibility. Karaca et al. (2011) found that emulsion activity of legume protein isolates was 
positively correlated with protein solubility, which increases with protein surface charge, but 
negatively with surface hydrophobicity as less protein can be solubilized. Therefore, it is 
reasonable to postulate that a certain balance should be met between surface hydrophobicity and 
protein solubility to obtain improvement in emulsion properties of different samples. 
Emulsification stability (ES) for all raw and pre-cooked flours were found to be 
significantly different (p<0.001) (Table 4.2). In the case of chickpea and sorghum flours, ES was 
lowered from ~55% to 42%, and 48% to 46% respectively after extrusion, whereas maize flour 
showed the opposite trend where ES was found to be increased from 40% to 48% after extrusion 
(Table 4.4). An orthogonal individual degree of contrast analysis found that for pre-cooked 
chickpea and sorghum flours, ES was found to be significantly affected by moisture, barrel 
temperature and their interactions (Table 4.2a,b). Pre-cooked maize flour was only affected by the 
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moisture content (Table 4.2c). ES for pre-cooked chickpea flour at 120oC decreased from 45% to 
40% as the moisture increased from 20 to 24%, and ES was independent of moisture at 150oC 
(41%) (Table 4.4). In the case of pre-cooked sorghum flour, ES at both 120oC and 150oC decreased 
from 40 to 38% and 42 to 39% respectively as moisture increased from 20 to 24% (Table 4.4). For 
pre-cooked maize flour, as the moisture content increased from 20 to 24% ES also decreased from 
~52% to 44% (Table 4.4). Overall, increase in moisture had negative effects on ES for the cereal 
flours hypothesized because of reduced friction and interaction between molecules that help 
stabilize the emulsion. Little information was found on ES of extruded flours. Bai et al. (2018) 
mentioned above reported that ES of their infrared-heated chickpea and hull-less barley both 
increased, which is in contrary with the result in this study with the exception of maize. And the 
shear effect during extrusion is a possible cause of such difference. Since the protocol for ES in 
this study involves prolonged heating (85oC) and cooling, it is likely that the starch in the emulsion 
layer formed a gel, which can undergo retrogradation upon cooling. This might explain why maize 
flours showed increased ES, as less retrogradation and syneresis can happen with the presence of 
corn fiber gum (Qiu et al., 2017), thus less decrease in the emulsion layer overall. 
 
Foaming  
Foaming activity and stability was measured for all raw and pre-cooked flours.  Only raw 
chickpea and sorghum produced foams.  Raw chickpea flour had a foaming activity and stability 
of 250% and 3%, respectively, whereas raw sorghum flour had values of 113% and 7%, 
respectively (Table 4.4). Maize flour and all its pre-cooked flours did not form foams. Foaming 
activity for unprocessed chickpea (~217%) and sorghum (~117%) reported by Bai et al. (2018) 
and Elbaloula et al. (2014), respectively is generally in agreement with the results from this study. 
Akubor and Onimawo (2003) reported that FA for maize flour was 4%, the small increase in FA 
compared to the current results could be due to the higher protein content (~9%) of their maize 
flour. Foaming stability in the current study was measured as percentage of loss in volume. The 3 
and 7% of loss indicated that the foam of raw chickpea and sorghum, respectively, were relatively 
stable. Proteins can lower interfacial tension and help stabilize the foam. In order to have good 
foam formation, proteins must be highly soluble in water and able to migrate, unfold and rearrange 
themselves to form a cohesive film at the water-air interface (Wagner and Gueguen, 1999). 
However, if protein solubility is poor, less protein can migrate to the interface and no stable foam 
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can be formed and measured. Decreased foaming capacity has been reported for tempered 
chickpea (20% moisture) flour when heated at 115 and 135oC (Bai et al., 2018). The absence in 
foaming activity and stability for all the pre-cooked flours in this study implies that extrusion likely 
rendered a combination of low protein solubility, protein denaturation and thus poor protein 
migration to the air-water interface. It was also reported that although there was a positive 
correlation between protein hydrophobicity and the emulsifying capacity of protein, such 
correlation was absent in foaming capacity of the protein (Townsend and Nakai, 1983). Since the 
interfacial tension in foam system (air-water) is much greater than that in emulsion (oil-water) 
system (Sengupta and Damodaran, 1998), proteins are denatured to greater extent to expose the 
buried hydrophobic residues for overcoming the higher free energy at air-water interface 
(Damodaran, 2005). We postulate that protein aggregation and protein complexes formed during 
extrusion made it more difficult for extensive protein exposure that is needed in foam formation, 
and thus the absence of foam in all the extruded samples. 
 
Nitrogen solubility index 
The nitrogen solubility index (NSI), an important indication for protein solubility, was 
tested for raw chickpea, sorghum and maize, as well as their extrudates treated at 150oC and 24% 
moisture content, only (Table 4.4). Findings indicates that raw chickpea flour showed the greatest 
NSI (16.2%), followed by sorghum (2.7%) and maize (2.8%). The NSI for all pre-cooked flours 
decreased greatly, NSI decreasing to 2.3, 1.5 and 0.5 for pre-cooked chickpea, maize and sorghum 
flours, respectively (Table 4.4). This decrease in nitrogen solubility was also reported by Dahlin 
and Lorenz (1993) after extrusion with sorghum and corn, and Carbonaro et al. (1997) after 
cooking chickpea and other legumes. Nwabueze (2007) also reported more than a 50% decrease 
in NSI of corn-soy-African breadfruit blends after extrusion. The greater nitrogen solubility of the 
chickpea flours is expected as legume proteins are dominated by salt-soluble globulin (~70%) and 
water-soluble albumin (~10-20%) type proteins with only minor amounts of alcohol-soluble 
prolamin type proteins (Roy et al., 2010 and Papalamprou et al., 2010) which is the dominate 
protein in cereals (Giuberti et al., 2011). Electrostatic interaction between oppositely charged 
amino acids and hydrophobic interactions are two of the most important mechanisms responsible 
for low solubility in protein (Carbonaro et al., 1997). According to Bigelow (1967), greater 
solubility is generally obtained by proteins with lower average hydrophobicity and higher surface 
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charge. Extrusion cooking denatured protein and decreased NSI/protein solubility of the samples 
in this study, which in return affected functional properties by altering the surface properties of 
proteins (Schwenke, 2001).  
 
Pasting properties 
The pasting properties of all raw and pre-cooked flours were assessed in the Rapid Visco 
Analyser (RVA). During the test the following viscosities were measured: peak viscosity (PV; the 
viscosity at full gelatinization), trough/holding viscosity (TV; the hot paste viscosity at the end of 
the temperature holding period), breakdown viscosity (BV; the viscosity difference between peak 
and trough viscosities), final viscosity (FV; the viscosity at the end of cooling period) and setback 
viscosity (SV; the difference between final and trough viscosity).  
All viscosities measured found that raw flours were significantly higher (p<0.001) than the 
pre-cooked flours except for the BV of chickpea (p>0.05) as a result of small difference in peak 
and trough viscosity (Tables 4.2a,c, 4.5; Figure 4.1). Whalen (2007) reported that the thermal 
effect in cooking such as extrusion generally results in lowering of the RVA profile, especially in 
the peak, through and final (setback) viscosities due to starch degradation. Figure 4.1 demonstrated 
the substantial decrease well. Unlike the raw flours that showed viscosity peaks, all the extruded 
flours, regardless of processing conditions, showed no obvious peak. Maize showed a higher cold 
viscosity in extruded products compared to unprocessed flours, which is commonly observed in 
extruded starch as they can hydrate and entangle more rapidly to increase viscosity (Whalen, 2007; 
Mitrus et al., 2017). In fact, although not shown clearly in Figure 4.1 according to the raw data the 
viscosities for all the extruded cereal flours before the heating stage were greater compared to the 
respective raw sample, which means just as the extruded maize flours, extruded chickpea and 
sorghum flours also had greater cold viscosity than their raw.  
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Figure 4.1  RVA profile for raw and extruded chickpea (A), sorghum (B) and maize (C) flours 
(screw speed: 317 rpm; feed rate: 14 kg/h). 
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For the raw flours, sorghum had the highest peak viscosity (2287 cP), followed by maize 
(2170 cP) and chickpea (879 cP). According to Figure 4.1, starch granules in cereals swelled faster 
and reached greater peak viscosity than that of raw chickpea. In the case of the pre-cooked flours, 
maize also had the highest PV (355 cP), followed by sorghum (209 cP) and chickpea (128 cP), but 
were lower than the raw flours. The much lower viscosities of chickpea compared to the cereal 
flours in this study is most likely caused by the higher protein and lower starch composition since 
the hydration and swelling of chickpea starch can be hindered as more starch granules are 
embedded in the protein matrices of the flour (Otto et al., 1997). There are two main mechanisms 
involved in the complete cooking of starch under limited water (<35%) condition such as 
extrusion: a) melting under water-limiting conditions and b) gelatinization in the presence of water, 
both of which convert starch structure from crystalline to amorphous (Wang, 1993). Waigh et al. 
(2000a,b) reported that when water was added from 5 to 40%, starch “cooking” proceeds in two 
steps: first, amylopectin helix dislocation (breaking), then melting (helix-coil transition) as helices 
of amylopectin unwind and gel formation. The higher PV of pre-cooked maize compared to 
sorghum flour could mean that extrusion cooking degraded more sorghum starch than that of 
maize. The effect of moisture, temperature, and their interaction were significant on PV for the 
pre-cooked cereal flours (p<0.001), but none of the extrusion conditions influenced PV for the pre-
cooked chickpea flour (p>0.05) (Table 4.2). At 120oC, PV decreased from 206 to 142 cP for 
sorghum, and 378 to 243 cP for maize as moisture increased from 20 to 24%. At 150oC, PV 
increased from 200 to 289 cP for sorghum but decreased from ~439 to 359 cP for maize as moisture 
increased. It was reported that extruded corn starch could melt at 168oC without the presence of 
water, and at 123oC at 20% water content, and as low as 73oC when moisture content is 60% 
(Souza and Andrade, 2002), which indicates that both melting and gelatinization happened during 
extrusion in the premise of the current study. Thus, the general decrease of PV at higher moisture 
content could be due to greater hydration and gelatinization with more water.  
For the raw flours, trough viscosity was found highest for sorghum (1450 cP), followed by 
maize (1288 cP), and chickpea (836 cP). However, in the case of the pre-cooked flours, TV was 
found to be highest in sorghum (~145 cP), followed by chickpea (~86 cP) and maize (~63 cP). For 
chickpea, only the effect of temperature significantly (p<0.001) affected TV (Table 4.2a), where 
TV increased from ~139 to 150 cP as temperature increased (Table 4.5). The effect of moisture 
(p<0.001), temperature (p<0.001 for sorghum, and p<0.05 for maize) and their interaction 
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(p<0.001 for sorghum, p<0.01 for maize) were significant on TV for both cereals (Table 4.2b,c). 
At 120oC, TV decreased from ~142 to 135cP for sorghum but increased from ~51 to 81cP for 
maize as moisture increased. At 150oC, TV increased for both sorghum from ~121 to 180 cP and 
maize from ~56 to 62 cP with the increase of moisture. In general, increases in moisture at each 
temperature increased TV with the exception of sorghum extruded at 120oC. Since TV is usually 
the holding viscosity at the end of the holding stage at maximum temperature (Batey, 2007), raw 
chickpea flour is a better choice in application for food with consistent viscosity during heating.  
In the case of breakdown viscosities, values decreased between the raw and pre-cooked 
flours from 882 to 292 cP, and 837 to 65 cP for maize and sorghum flours, respectively. For 
chickpea flour however, BV was similar between the raw and pre-cooked flours (~42 cP). Low 
BV of raw flours are often associated with lower hydration, swelling power, and high shear 
resistance (Shafie et al. 2016). The greater BV in cereal flours compared to chickpea is possibly 
due to the greater water hydration capacity (Table 4.4). Furthermore, on a molecular level, the 
higher protein and lower starch composition in chickpea may impede hydration and swelling (Otto 
et al., 1997).  The effect of moisture, temperature, and their interaction had significant effects on 
the BV for the pre-cooked sorghum and maize (p<0.001) (Table 4.2b,c), whereas only moisture 
was significant for chickpea (p<0.01) (Table 4.2 a). At 120oC, BV for chickpea, sorghum, and 
maize decreased from 55 to 22cP, ~64 to 7 cP and 326 to 162 cP, respectively as moisture increased 
from 20 to 24%. At 150oC as moisture increased, BV decreased for both maize (from ~382 to 
299cP) and chickpea (from ~61 to 29cP) but increased for sorghum from ~79 to 109cP. This 
increase in BV of sorghum aligns with PV under the same condition.  
Final viscosity for the raw flours was found highest for sorghum (4377 cP), followed by 
maize (3840 cP) and chickpea (1163 cP). The higher FV of the raw flours compared to PV is the 
result of retrogradation due to gel formation, which involves the entanglement of glucan chains 
upon cooling. Normally greater entanglement occurs with higher amylose content, but in waxy 
starches (high in amylopectin) the relatively short and branched chains prevents such association 
that happens more readily between the unbranched long amylose (Batey, 2007). In the case of the 
pre-cooked flours, FV was found to be highest in sorghum (170 cP), followed by chickpea (139 
cP) and maize (104 cP). The effect of moisture, temperature and their interaction were significant 
on FV of sorghum (p<0.001), but only moisture had a significant effect on chickpea (p<0.001) and 
maize (p<0.05) (Table 4.2a,c). For sorghum, FV decreased from ~154 to 138 cP at 120oC, while 
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increased from ~158 to 229 cP at 150o with the increase of moisture. For chickpea and maize, FV 
increased with the increase of moisture. FV increased from ~113 to 165 cP for chickpea and ~87.3 
to 121 cP for maize as moisture increased from 20 to 24% (Table 4.5). The trend in FV agrees with 
that in TV.  
Set back viscosity, the difference between TV and FV, for the raw flours was found highest 
for sorghum (2928 cP), followed by maize (2553 cP) and chickpea (327 cP). However, in the case 
of the pre-cooked flours, SV was found to be highest in chickpea (53 cP), followed by maize (41 
cP) and sorghum (25 cP) (Table 4.5). Moisture, temperature and their interaction had a significant 
effect on SV for maize (p<0.001) (Table 4.2c); for chickpea, only the effect of moisture was 
significant (p<0.001) (Table 4.2a); the extrusion conditions did not affect SV for sorghum (p>0.05) 
(Table 4.2b). SV for chickpea increased from 38 to 67 cP at 120oC, and from 41 to 67 cP at 150oC 
as moisture increased from 20 to 24%. For maize, SV increased from 34cP at 20% moisture to 49 
cP at 24% moisture. The higher moisture content seemed to result in higher setback in chickpea 
and maize flours. This could be the result of greater starch hydration and swelling, thus greater 
retrogradation. Since raw starch is the main reason for viscosity development during cooling 
(Ozcan and Jackson, 2005), and large SV was only observed in the raw flours and absent in the 
pre-cooked ones. As such, it was postulated that extrusion degraded most of the starch in the flours.  
The pasting temperature for the raw flours is the highest in sorghum (~87oC), followed by 
chickpea (~85oC) and maize (~77oC) (Table 4.5). In general, the lower the pasting temperature, 
the faster the starch hydration. Sorghum is usually grown in semi-arid area, which means starch 
granules in the flour would hydrate more slowly due to the thick protein matrix surrounding them 
(Griess et al., 2011). For the pre-cooked samples, pasting temperature was only detectable for 
chickpea, but not for the pre-cooked cereal flours (Table 4.5). Extrusion significantly lowered 
pasting temperature for chickpea compared to the raw (p<0.01) from ~85oC to 57oC, and extrusion 
conditions were not significant (p>0.05) (Table 4.2a). The reason for the undetectable pasting 
temperature for the cereal flours could be that the degraded cereal starch developed instant 
viscosity at the very beginning and at very low temperature (<20oC) that is below the detection 
limit of the instrument, thus the inability to identify. The higher pasting temperature in the pre-
cooked chickpea could be the result of higher amylose and lipid content (Jane et al., 1999). It is 
only reasonable that the pasting temperature were lowered more significantly for the cereal flours 
compared to that of chickpea because of the greater degradation of starch, reflected by their 
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viscosity profiles, according to Figure 4.1. Despite of the statistical significance of extrusion 
conditions on viscosities reported in this study, a general trend in Figure 4.1 shows that all the pre-
cooked flours exhibit almost no viscosity compared to their raw counterparts. Such pasting 
properties of the pre-cooked flours enable them to be in instantized hot or cold beverages or 
porridges or be incorporated into raw flours at different ratios to achieve the desired product 
functionality. The production of Tortilla chips, for example, incorporated both raw and degraded 
starch for better expansion and bubble formation (Lanner et al., 2003). 
 
Thermal properties 
 The thermal properties of raw and pre-cooked flours extruded under the most minimally 
processed conditions used in this study (120oC and 20% moisture) were analyzed in the differential 
scanning calorimeter (DSC). Results in Figure 4.2 showed peaks for all the raw flours in the 
temperature range associated with gelatinization, with maize flour taking up more heat, followed 
by sorghum and chickpea. No peak was observed for the pre-cooked flours. Since starch is the 
major contributor to heat capacity increment (Noel and Ring, 1992), the flour containing more 
starch is expected to take up more heat during gelatinization. The complete absence of peak for 
the pre-cooked flours in Figure 4.2 indicates that extrusion processing pre-gelatinized/melted all 
starch that is detectable by rupturing the crystalline regions of the starch granules through shear 
and heat (Davidson et al., 1984; Gomez and Aguilera, 1983). 
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Figure 4.2   DSC thermograms of (A) raw and (B) pre-cooked chickpea, sorghum and maize flours 
(Extrusion temperature: 120oC; screw speed: 317 rpm; moisture content: 20%; feed 
rate: 14 kg/h). 
 
4.1.4 Protein quality of raw chickpea, sorghum and maize flours 
Protein quality for the chickpea, sorghum and maize for the raw and pre-cooked materials, 
and as a function of extrusion temperature and moisture is given in Table 4.6. In vitro protein 
digestibility (IVPD) of pre-cooked chickpea (p<0.001) and maize (p<0.05) flours were 
significantly higher compared to their raw counter parts, which increased from 77 to 81%, and 
from 73 to 76%, respectively; IVPD for sorghum did not change significantly (p>0.05) before and 
after extrusion, remaining similar at 73% (Tables 4.2 and 4.6). Temperature (p<0.001) and 
moisture (p<0.01) both had significant effects on IVPD for pre-cooked chickpea flours, but neither 
on sorghum and maize. The IVPD for chickpea was slightly higher at 150oC (82%) than 120oC 
(80%), and higher at 20% moisture (81%) than 24% (80%) (Table 4.6). The true protein 
digestibility (85%) of cooked Kabuli chickpea reported by Nosworthy et al. (2017) was also above 
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80%, but slightly higher than the extruded chickpea in this study. However, different result was 
reported for the effect of extrusion conditions on IVPD of the cereals compared to this research. 
 
Table 4.6 Amino acid scores and protein quality data of raw and pre-cooked flours of 
chickpea, sorghum and maize. The pre-cooked flour represents a composite of two 
extrusion runs. 
Notes: 
1Measurements were preformed once on the composite blend from two extrusion processing runs. 
2Measurements were performed in triplicate on the composite blend from two extrusion processing 
runs. Data represent the mean ± one standard deviation (n = 3). 
3Data represents the product of the limiting amino acid score and IVPD (measured in triplicate). 
Data represent the mean ± one standard deviation (n = 3). 
Abbreviations: THR (Threonine), VAL (Valine) and LYS (Lysine), IVPD (In vitro protein 
digestibility), and IV-PDCAAS (In vitro protein digestibility corrected amino acid score) 
  
Flour Limiting amino 
acid 
Limiting amino 
acid score1 
 
IVPD2 IV-PDCAAS3 
(%) 
     
Chickpea     
Raw flour THR 0.90 76.88 ± 0.31 69.38 ± 0.28 
Pre-cooked flour     
120oC, 20% VAL 0.84 80.38 ± 0.73 67.14 ± 0.61 
120oC, 24% VAL 0.84 79.05 ± 0.54 66.70 ± 0.46 
150oC, 20% VAL 0.86 82.86 ± 0.54 71.09 ± 0.47 
150oC, 24% VAL 0.87 81.53 ± 0.42 71.10 ± 0.36 
     
Sorghum     
Raw flour LYS 0.29 73.56 ± 0.46 21.33 ± 0.13 
Pre-cooked flour     
120oC, 20% LYS 0.31 73.08 ± 0.31 22.66 ± 0.10 
120oC, 24% LYS 0.30 73.56 ± 0.21 22.07 ± 0.06 
150oC, 20% LYS 0.26 73.74 ± 0.82 19.17 ± 0.21 
150oC, 24% LYS 0.30 74.11 ± 1.06 22.23 ± 0.32 
     
Maize     
Raw flour LYS 0.48 72.66 ± 1.56 34.88 ± 0.75 
Pre-cooked flour     
120oC, 20% LYS 0.47 76.10 ± 0.46 35.77 ± 0.21 
120oC, 24% LYS 0.51 75.98 ± 0.36 38.75 ± 0.18 
150oC, 20% LYS 0.38 76.04 ± 0.55 28.89 ± 0.21 
150oC, 24% LYS 0.49 75.55 ± 0.38 37.02 ± 0.18 
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 Fapojuwo et al. (1987) reported that temperature was the key extrusion parameter that influenced 
sorghum IVPD. But the three temperature conditions (50, 125 and 200oC) they chose had a much 
bigger gap compared to ours (120 and 150oC). In addition, they only used one enzyme, pepsin to 
evaluate IVPD, which is comparatively less accurate than the trypsin-chymotrypsin-protease 
system in determining protein digestibility. The insignificant change in IVPD observed in sorghum 
in the current study could be explained by the greater reduction in protein solubility according to 
the NSI results in section 4.1.3.  
Improvement in IVPD after extrusion have been reported by Day and Swanson (2013), El-
Hady and Habiba (2003), Milán-Carrillo et al. (2002), Colonna et al. (1989) and Bhattacharya et 
al. (1988). The increase of IVPD in chickpea and maize in this study is likely contributed by the 
inactivation of bioactive compounds (polyphenols), enzyme inhibitors (trypsin and chymotrypsin 
inhibitors) and better protein exposure after extrusion, which created easier access for enzyme 
digestion (Bai et al., 2018; Colonna et al., 1989). Bai et al. (2018) found that even with treatment 
like infrared heating that has no shearing effect, trypsin inhibitor activity of chickpea flour declined 
from ~16.3 to 9.3 TIU/mg of flour (d.b.) when heated at 135oC; and chymotrypsin inhibitor in 
chickpea was also lower significantly from 11.2 to 4.38 CIU/mg of flour under the same condition. 
Sharma et al. (2012) also reported decrease in total phenolic and condensed tannins after extrusion 
at 150 and 180oC at 15 and 20% moisture. Tannins have been reported to form less digestible 
complexes with protein and is capable of precipitating more than 12 times its own weight of protein 
(Butler et al., 1984), and phenolic acids and flavonoids may be oxidized to quinones and form 
peroxides that could bring about polymerization of proteins due to oxidation of amino acids 
(Damodaran, 1996). Therefore, it is reasonable to see improved protein digestibility after extrusion 
cooking. According to the results in this study, extrusion temperature and moisture did not have 
an effect on protein digestibility of sorghum and maize flours but did show slight advantage at 
more severe extrusion condition (150oC and 20% moisture) for chickpea flour.  
The full amino acid composition of raw and pre-cooked flours reported in grams per 100 g 
flour is given in Appendix A (Table A.1); the essential amino acid concentration in milligram per 
gram protein, along with the FAO reference pattern is given in Table A.2; and the amino acid 
scores for each essential amino acid is given in Table A.3. According to Table A.2, the limiting 
amino acid for raw chickpea flour was threonine. Although the sulfur containing amino acids 
(methionine and cysteine) were the second limited, they are only 2 mg/g of protein short compared 
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to the FAO reference. All the other essential amino acids of chickpea were equal or much above 
the reference level. Threonine being the limiting amino acid with the amino acid score (AAS) of 
0.90 in chickpea was not typical (Table 4.6), as pulses are known for their shortage in sulfur 
containing amino acids (Alizadeh and da Silva, 2013). A similar limiting amino acid was reported 
by Bai et al. (2018) for Canadian grown chickpeas of the same year. The use of sulfur containing 
fertilizers in Manitoba farms could be part of the reason for this abundance in sulfur containing 
amino acids such as cysteine and methionine (Manitoba Agriculture, 2018; Järvan et al., 2012). 
The metabolism of amino acids in plant could be the other part of the answer for the lower 
threonine level. The branched-chain amino acids (BCAAs), which include leucine, isoleucine and 
valine are essential for the development of bacteroids and thus symbiotic nitrogen fixation in 
legumes generally (Prell et al., 2009). BCAAs are accumulated by many-fold during osmotic stress 
such as drought. Isoleucine, specifically, is synthesized from threonine and methionine; the 
biosynthesis of these two in plants is competitive through their affinity to threonine synthase and 
cystathionin γ-synthase (for methionine synthesis) (Joshi et al., 2010). It was found that during 
drought season, the synthesis of methionine synthase commonly outcompetes that of threonine 
which is regulated by the same enzyme synthase (cystathionine γ-synthase) (Galili et al., 2005), 
and thus can result in extra low synthesis of threonine. For the two raw cereal samples, the only 
obviously lacking essential amino acid compared to the reference value is lysine, thus the limiting 
amino acid as expected; the limiting AAS for raw sorghum and maize were 0.29 and 0.48, 
respectively (Table 4.6); all the other essential amino acids concentration are higher than the FAO 
reference with the exception of threonine in sorghum (33mg/g protein), which is only one unit 
lower than the reference.  
In the case of pre-cooked flours, the limiting amino acid of chickpea changed from 
threonine to valine but remained lysine for sorghum and maize flours. The AAS for pre-cooked 
chickpea ranged from 0.84-0.87, and that for sorghum and maize were found to be similar to their 
raw values ranging between 0.29-0.31, and 0.38-0.51 respectively, except for of the two lower 
scores (0.26 and 0.38) under extrusion condition at 150oC barrel temperature and 20% moisture 
content (Table A.3). This low AAS indicates that high temperature and low moisture condition is 
detrimental for lysine retention as more dextrin and free sugar could be produced for Maillard 
reaction (Harper, 1988), and that low temperature and high moisture condition should be chosen 
if protein quality is priority. Similar results were reported by Singh et al. (2007), Chaiyakul et al. 
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(2009) and Meuser et al. (1987). It was suggested that to minimize the loss of lysine, extrusion 
temperature and moisture should be kept below 180oC and between 15-25% respectively (Cheftel, 
1986). For chickpea, the big decrease of AAS from 1.16 to ~0.85 for valine and the increase of 
that in the sulfur containing amino acids from 0.94 to 1.06 after extrusion explains the switch in 
limiting amino acid. The concentration of the corresponding essential amino acids for chickpea in 
Table A.2 aligns with their amino acid scores, where valine decreased from 41 to ~30 mg/protein 
and Met + Cys increased from 23 to ~27 mg/g protein. Among the essential amino acids, these 
sulfurs containing amino acids for pre-cooked chickpea were the only two that were higher in 
amino acid concentration and AAS (1.06) compared to the raw (Table A.2 and A.3). Protein 
digestibility corrected amino acid scores of cooked Kabuli chickpea (1.08), reported by Nosworthy 
et al. (2017) is almost identical to the AAS of our extruded chickpea. This increase in the sulfur 
containing amino acids could be the result of exposure of proteins after extrusion (Colonna et al., 
1989). Unlike the other amino acids, cysteine and methionine residues can be involved in disulfide 
bridges formation (Deiana et al. 2010), thus the more stable structure enabled them to “survived” 
the heating and shearing during extrusion.  
In vitro protein digestibility corrected amino acid score (IV-PDCAAS) was not 
significantly affected by extrusion for all three flours compared to their raw (p>0.05) (Table 4.2). 
The IV-PDCAAS for both raw and pre-cooked chickpea, sorghum and maize is 69, 21 and 35% 
respectively. Temperature only had a significant effect (p<0.001) (Table 4.2a) for chickpea, where 
IV-PDCAAS was higher at 150oC (71%) compared to that at 120oC (67%) (Table 4.6). Moisture, 
temperature and their interaction had significant effect on IV-PDCAAS for both sorghum and 
maize (p<0.001) (Table 4.2b,c). At 120oC, the IV-PDCAAS decreased slightly from 23 to 22% as 
moisture increased from 20 to 24% for sorghum but increased from 36 to 39% for maize. It is 
worth mentioning that both cereals had the lowest IV-PDCAAS at higher extrusion temperature 
and lower moisture, which agrees with the PDCAAS results. The reason for this as mentioned 
above is that the limiting amino acid Lys is more susceptible to dry heat (Harper, 1988). At 150oC, 
IV-PDCAAS both increased from 20 to 22% for sorghum and 29 to 37% for maize with the 
increase of moisture (Table 4.6). This seeming increase is likely due to the more severe loss of 
lysine at 20% moisture than 24%.  
The United States Agency for International Development (USAID) recommended the 
development of new cereal-based blends that focus on culturally available and nutritionally 
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appropriate grains to improve the nutritional quality of Fortified Blended Foods (FBFs) (Webb. 
2011). Compare to the current FBF in use, CSB13 with a PDCAAS value of 85% is much higher 
than the IV-PDCAAS (69%) for our chickpea sample. Such difference is because of the very high 
PDCAAS (93%) of soy (Hoppe et al., 2008). Nosworthy et al. (2017) investigated the PDCAAS 
of series of Canadian pulses including split green and yellow pea, whole green lentil, split red 
lentil, kabuli chickpea, navy bean, pinto bean, light red kidney bean and black bean. They found 
that PDCAAS of these pulses were all above 50%, with the value ~52% for chickpea. This lower 
PDCAAS for chickpea compared to our value (69%) could be from the different processing 
method. IV-PDCAAS for raw maize (38%) is close to PDCAAS reported by Hoppe et al. (2008) 
(35%) and Pires et al. (2006) (37%). For raw sorghum, the IV-PDCAAS (24%) falls within the 
range of 6 to 46% (Mokrane et al., 2010; Moraes et al., 2012). Although only the extruded chickpea 
sample (~71%) had IV-PDCAAS above the 70%, it is still feasible to develop them into a new 
type of FBF by adding dairy-based source of protein as recommended by USAID (Webb. 2011). 
It is also worth noting that the in vitro PDCAAS likely underestimated the real value as other 
enzymes such as lipase and amylase that are present in animal digestive system were not present 
in our case, protein that were entrapped in starch/lipid complex were not accessible to the digestive 
enzymes we used. Hoppe et al. (2008) reported that when milk was added to blends of soy (20%) 
with maize and wheat, the PDCAAS of the two types of blends increased from 65% to 81% and 
64% to 76% respectively. Also, since the 70% PDCAAS minimum level is set for vulnerable 
population to treat moderate malnutrition, any protein with lower value close to 70% would still 
be great a choice for the healthy majority. 
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4.2  Effect of blending ratio on the composition and protein quality of raw chickpea-cereal 
flours 
 
4.2.1  Selection of blend ratio based on composition and nutritional properties of the raw 
chickpea-cereal blends 
 The proximate composition of raw individual chickpea, sorghum and maize flours were 
determined to have protein values of 23.2, 10.5 and 7.6%, respectively, ash values of 2.9 1.4 and 
1.7%, respectively and, crude lipid values of 6.7, 3.0 and 3.9%, respectively (Table 4.7). Blending 
the raw flours at varying ratios ranging from 5:5 to 8:2 chickpea: sorghum or chickpea: maize 
resulted in an increase in protein, ash and crude lipid as the chickpea content increased within the 
blend (Table 4.7). The corresponding protein quality data is also given in Table 4.7, with the amino 
acid composition in gram per 100 g flour for the individual and blended flours given in Appendix 
B (Table B.1), and both the essential amino acid concentration (mg/g protein) and amino acid 
scores for the individual and blended flours in Table B.2. For chickpea flour, the limiting amino 
acid was found to be threonine, whereas both cereal flours were deficient in lysine. The limiting 
amino acid score for the individual chickpea, sorghum and maize flours was found to be 0.90, 0.29 
and 0.48, respectively (Table 4.7). In the case of the blended flours, the limiting amino acid 
switched from lysine at the 5:5 chickpea: cereal ratio to threonine when the chickpea flour became 
more prominent (i.e., 6:4 blending ratio) (Table 4.7). The limiting amino acid score for chickpea: 
sorghum and chickpea: maize blends ranged from 0.77-0.88 and 0.87-0.91, respectively (Table 
4.7). In vitro protein digestibility was reported for individual chickpea, sorghum and maize flours 
to be 76, 74 and 73%, respectively (Table 4.7). In contrast, chickpea: sorghum and chickpea: maize 
flours showed limiting IVPD values ranging from 74-76% and 74-75%, respectively (Table 4.7). 
With the calculations of in vitro protein digestibility corrected amino acid scores (IV-PDCAAS), 
the individual chickpea, sorghum and maize were found to be 69, 21, and 35%, respectively. In 
the case of the chickpea: sorghum blend, IV-PDCAAS increased from 57% to 64 % as the blending 
ratio went from 5:5 to 6:4, and then it began to level off with similar values for the 7:3 and 8.2 
blending ratios (67%) (Table 4.7). In the case of the chickpea: maize blend, IV-PDCAAS increased 
from 64% to 66% as the blending ratio increased from 5:5 to 6.4, afterwards it behaved similarly 
as to the other blends, leveling off at the 7:3 and 8:2 ratios (68%) (Table 4.7). Based on the protein 
quality (IV-PDCAAS) results in Table 4.7, the significant increase in IV-PDCAAS for both blends 
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at the lowest chickpea ratio (for better expansion) was observed at the blending ratio of 6: 4, from 
which point on chickpea: maize blend ratio no longer had significant impact on protein quality. 
Therefore, chickpea: cereal blends at ratio 6: 4 was chosen for comparative purposes in the study 
on blends. 
 
4.2.2  Physical properties of extrudates from blended chickpea-cereal flours 
 The specific mechanical energy (SME) and, expansion ratio, hardness and bulk density for 
extrudates prepared from chickpea: cereal blend blended flours at a 6:4 blending ratio, as a function 
of barrel temperature and moisture is given in Table 4.8. An individual degree of freedom contrast 
analysis was preformed to test for differences within the main effects of temperature and moisture, 
and their interaction for SME data and all physical properties for both chickpea-sorghum (CS) 
(Table 4.9a) and chickpea-maize (CM) blends (Table 4.9b). Based on the analysis, all main effects 
and interactions were found to be significant for all data for both blends. At 120oC, the SME 
decreased from 451 to 430 kJ/kg for CS and from 448 to 427 kJ/kg for CM, as moisture increased 
from 20 to 24%. A similar decline was found at 150oC, where the SME data decreased from 226 
to 216 kJ/kg for CS and from 224 to 213 kJ/kg for CM as moisture increased (Table 4.8). Akdogan 
(1996) and Planttner (2007) both indicated that a decrease in viscosity would result in a drop in 
SME. Whereas, Singh et al. (2007) reported that an increase in extrusion temperature and moisture 
content would result in less friction within the barrel to lower the SEM value. In the present study, 
it was hypothesized that the small increase in moisture within the extruder resulted in a lower melt 
viscosity and a corresponding lower SME. Blending of the chickpea flour with cereal flours acted 
to lower the SME in the blends compared to the individual sorghum and maize (Table 4.3), since 
torque increased with the increase of starch content, which contributes to the restriction to flow 
inside the barrel by increased viscosity due to starch swelling and gelatinization (Iwe et al., 2001; 
Bhattacharya and Prakash, 1994). Filli et al. (2013) extruded blends of Bambara groundnut and 
millet to find that the lowest SME was obtained when the starch content was the lowest, and when 
both the moisture and screw speed were higher. Overall, in the current study SME was reduced in 
half as the barrel temperature increased from 120 to 150oC due to the decrease in melt viscosity 
with increasing temperature.   
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Table 4.7  Proximate composition and protein quality for raw chickpea, sorghum and maize flours, along with chickpea-cereal 
blends at blending ratios of 5:5, 6:4, 7:3 and 8:2.  
Flour Proximate composition  Protein quality 
 
 Crude Protein 
(%, d.b.)1 
Crude Ash 
(%, d.b.)1 
Crude lipid 
(%, d.b.)2 
 Limiting amino 
acid  
Limiting amino  
acid score 
IVPD1 
(%) 
IV-PDCAAS3 
(%) 
         
Chickpea 23.19 ± 0.06a 2.94 ± 0.02 6.76   THR 0.90 76.88 ± 0.31a 69.38 ± 0.28a 
Sorghum 10.47 ± 0.02b 1.43 ± 0.04 2.96   LYS 0.29 73.56 ± 0.46b 21.33 ± 0.13b 
Maize 7.64 ± 0.02c 1.75 ± 0.02 3.88   LYS 0.48 72.66 ± 1.56b 34.88 ± 0.32c 
         
Chickpea: Sorghum 
5:5 16.89 ± 0.05d 2.18 ± 0.13 4.78  LYS 0.77 74.41 ± 0.75c 57.47 ± 0.58d 
6:4 18.11 ± 0.04e 2.35 ± 0.13 5.26  THR 0.85 75.37 ± 0.28a 63.94 ± 0.23e 
7:3 19.13 ± 0.13f 2.46 ± 0.22 5.63  THR 0.89 75.62 ± 0.31a 66.99 ± 0.28f 
8:2 
 
20.41 ± 0.07g 2.63 ± 0.30 5.97  THR 0.88 76.46 ± 0.91a 67.26 ± 0.80f 
Chickpea: Maize 
5:5 15.33 ± 0.08h 2.07 ± 0.22 5.30  LYS 0.87 73.99 ± 0.00b, d 64.04 ± 0.00e 
6:4 16.87 ± 0.09d 2.22 ± 0.16 5.54  THR 0.89 74.11 ± 0.52b, d 66.07 ± 0.47f 
7:3 18.26 ± 0.17e 2.35 ± 0.22 5.86  THR 0.91 74.59 ± 0.55b, d 67.96 ± 0.59a, f 
8:2 19.72 ± 0.13i 2.73 ± 0.15 6.07  THR 0.91 74.83 ± 0.73d 68.08 ± 0.67a, f 
         
Notes: 
1Data represent the mean of triplicate measurements ± one standard deviation (n = 3).  
2Only one crude lipid measurement was made on the flours.  
3Data represents the product of the limiting amino acid score and IVPD (measured in triplicate). Data represent the mean ± one standard 
deviation (n = 3). 
 Letter a-i represents significant difference of data in each column. 
Abbreviations: THR (Threonine); LYS (Lysine), d.b. (dry basis), IVPD (In vitro protein digestibility), IV-PDCAAS (In vitro protein 
digestibility corrected amino acid score) 
7
3
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Table 4.8 Physical properties of chickpea: sorghum and chickpea: maize extrudates blended 
at a 6: 4 ratio, as a function of moisture and barrel temperature.  
Notes: 
1Data represent the mean from duplicate extrusion processing runs ± one standard deviation (n = 
2). 
2Data represent the mean values of 20 measurements for each duplicate extrusion processing runs 
± one standard deviation (n = 40). 
3Data represent the mean values of 3 measurements for each duplicate extrusion processing runs 
± one standard deviation (n = 6). 
Abbreviations: SME (Specific mechanical energy) 
 
Barrel Temperature SME1 
(kJ/kg) 
Expansion ratio2 Hardness 
(N)3 
Bulk density 
(g/L)3 
 
     
Chickpea: Sorghum     
120oC, 20% 451.1 ± 0.3 2.2 ± 0.2 762.5 ± 29.7 317.3 ± 15.5 
120oC, 24% 430.0 ± 0.6 2.1 ± 0.2 617.7 ± 37.9 323.01 ± 53.2 
150oC, 20% 225.6 ± 0.0 3.0 ± 0.3 271.6 ± 25.0 168.4 ± 1.1 
150oC, 24% 216.0 ± 1.1 3.6 ± 0.3 195.0 ± 9.8 97.3 ± 7.7 
     
Chickpea: Maize     
120oC, 20% 448.5 ± 1.1 3.0 ± 0.3 641.8 ± 107.7 201.0 ± 31.4 
120oC, 24% 427.4 ± 0.0 2.5 ± 0.3 782.4 ± 32.0 298.3 ± 5.7 
150oC, 20% 224.1 ± 0.0 3.5 ± 0.3 202.4 ± 4.7 91.8 ± 0.7 
150oC, 24% 213.7 ± 0.0 3.5 ± 0.3 204.5 ± 17.7 105.9 ± 3.2 
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Table 4.9a An individual degree of freedom (orthogonal) contrast analysis performed using the 
general linear model for a chickpea: sorghum flour blends at a 6: 4 ratio, contrasting: 
raw vs. pre-cooked flours, 20% vs 24% moisture (within the extruder), 120oC vs. 
150oC (within the extruder), and the moisture × temperature interaction. 
Notes: 
1Forty results for each temperature/moisture combination. (n = 160, df = 156) 
2Six results for each temperature/moisture combination. (n = 24, df = 22) 
3Only one crude lipid measurement was taken.4Three results for each temperature/moisture 
combination using a composite flour blend from duplicate processing runs (n = 12, df = 10) 
5Foaming was not tested, since all extruded flours were found to be non-foaming. 
 
Abbreviations: NT (Not tested); NS (Not significant, p>0.05) and SME (Specific mechanical 
energy) 
(*) Indicates data transformed once by log 
(**) Indicates data transformed twice by log 
(+) Indicates one of the two assumptions (normality or variance test) failed during analyses 
  
Property Raw vs.  
Pre-cooked 
Moisture 
during 
extrusion 
Temperature 
during 
extrusion 
Moisture × 
temperature 
interaction 
a) Physical parameters     
Expansion index1* NT p<0.001 p<0.001 p<0.001 
Bulk density2** NT p<0.001 p<0.001 p<0.01 
Hardness2* NT p<0.001 p<0.001 p<0.05 
SME3 NT p<0.001 p<0.001 p<0.001 
     
b) Composition     
Protein4* p<0.001 p<0.01 p<0.01 NS 
Ash4 p<0.05 NS NS NS 
Lipid3 NT NT NT NT 
     
c) Functionality4,5     
Water hydration capacity p<0.001 p<0.001 p<0.001 p<0.01 
Oil holding capacity p<0.001 NS NS NS 
Emulsion activity NS+ NS+ p<0.05+ NS+ 
Emulsion stability p<0.001 p<0.001 p<0.001 NS 
RVA – peak viscosity* p<0.001 p<0.001 p<0.001 p<0.001 
RVA – Trough viscosity* p<0.001 p<0.001 p<0.001 p<0.001 
RVA – Breakdown viscosity* p<0.001 p<0.001 p<0.001 p<0.001 
RVA- Final viscosity* p<0.001 p<0.001 p<0.001 NS 
RVA – Setback viscosity* p<0.001 p<0.001 p<0.001 p<0.001 
RVA – Pasting temperature NT NT NT NT 
     
d) Protein quality4     
IVPD p<0.001 NS p<0.001 p<0.01 
IV-PDCAAS p<0.001 p<0.001 p<0.001 p<0.001 
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Table 4.9b An individual degree of freedom (orthogonal) contrast analysis performed using the 
general linear model for a chickpea: maize flour blends at a 6: 4 ratio, contrasting: 
raw vs. pre-cooked flours, 20% vs 24% moisture (within the extruder), 120oC vs. 
150oC (within the extruder), and the moisture × temperature interaction. 
Notes: 
1Forty results for each temperature/moisture combination. (n = 160, df = 156) 
2Six results for each temperature/moisture combination. (n = 24, df = 22) 
3Only one crude lipid measurement was taken.4Three results for each temperature/moisture 
combination using a composite flour blend from duplicate processing runs (n = 12, df = 10) 
5Foaming was not tested, since all extruded flours were found to be non-foaming. 
 
Abbreviations: NT (Not tested); NS (Not significant, p>0.05) and SME (Specific mechanical 
energy) 
(*) Indicates data transformed by once by log 
(**) Indicates data transformed twice by log 
(+) Indicates one of the two assumptions (normality or variance test) failed during analyses 
 
Property Raw vs.  
Pre-cooked 
Moisture 
during 
extrusion 
Temperature 
during 
extrusion 
Moisture × 
temperature 
interaction 
a) Physical parameters     
Expansion index1 NT p<0.001 p<0.001 p<0.001 
Bulk density2 NT p<0.001+ p<0.001+ p<0.001+ 
Hardness2* NT p<0.05 p<0.001 p<0.05 
SME3 NT p<0.001+ p<0.001+ p<0.001+ 
     
b) Composition     
Protein4 p<0.001 p<0.001 p<0.001 p<0.01 
Ash4 p<0.001+ NS+ p<0.01+ NS+ 
Lipid3 NT NT NT NT 
     
c) Functionality4,5     
Water hydration capacity p<0.001 p<0.001 p<0.001 p<0.001 
Oil holding capacity p<0.001 NS NS NS 
Emulsion activity p<0.001 p<0.001 p<0.001 p<0.001 
Emulsion stability p<0.001+ NS+ NS+ p<0.01+ 
RVA – peak viscosity p<0.001 p<0.05 p<0.001 p<0.001 
RVA – Trough viscosity** p<0.001 p<0.001 p<0.001 p<0.01 
RVA – Breakdown viscosity** p<0.001 p<0.001 NS p<0.001 
RVA- Final viscosity p<0.001+ p<0.05+ NS+ NS+ 
RVA – Setback viscosity* p<0.001 p<0.001 p<0.001 p<0.001 
RVA – Pasting temperature NT NT NT NT 
     
d) Protein quality4     
IVPD p<0.001 NS p<0.01 NS 
IV-PDCAAS p<0.01 p<0.05 p<0.001 p<0.001 
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At 120oC, the expansion ratio decreased slightly from 2.2 to 2.1 for CS and from 3.0 to 2.5 
for CM as the moisture content increased from 20 to 24%, whereas at 150oC, the expansion ratio 
increased from 3.0 to 3.6 for CS but was relatively unchanged for CM blends (~3.5) as moisture 
increased from 20 to 24% (Table 4.8). In general, the expansion ratio was lowered by blending the 
chickpea into the cereal flours relative to that of the cereal flours alone. Deshpande and Poshadri 
(2011) also found that blending protein rich flours such as chickpea or cow pea with rice flour, 
decreased the expansion ratio of the extrudates. The authors indicated that the reduced expansion 
was caused by the macromolecular structure of the proteins as well as its ability to influence water 
distribution within the melt, which influences the complexation/crosslinking of protein and 
hydration of starch thus varied expansion. In the present study, the lowest expansion occurred at 
lower temperature (120oC) and higher moisture (24%) content. This is typical for extrusion of feed 
containing high levels of starch such as cereals (Seth et al., 2015; Singh et al., 2007). It is because 
at high barrel temperature, better expansion can occur due to greater starch gelatinization/melting 
(Ainsworth et al., 2007) while lower moisture would increase the dragging and thus more pressure 
as the melt exited the die, which in return result in greater expansion (Oke et al., 2013). Overall, 
greater expansion of both blends occurred at the higher temperature because of the greater 
temperature differential at the die, which led to greater expansion as the moisture evaporated more 
rapidly. In the case of bulk density at 120oC, an increase from 317 to 323 g/L for the CS blend and 
from 201 to 298 g/L for CM was observed as moisture increased from 20 to 24% (Table 4.8). In 
contrast, at 150oC bulk density decreased from 168 to 97 g/L for CS but increased from ~92 to 106 
g/L for CM as moisture increased from 20 to 24%. The CS blend followed the same trend in the 
expansion properties and bulk densities and hardness of the individual chickpea flour, whereas for 
CM blend, other than the expansion behavior, which is like the individual chickpea, both bulk 
density and hardness followed a similar trend as the individual maize flour (Table 4.3). The greater 
influence from chickpea to physical properties is possibly due to its higher fat and protein content, 
which is able to impede expansion especially under low temperature condition and affect bulk 
density and hardness. Whereas the high content of starch (especially amylose) in maize contributes 
greatly to air bubble structures inside the extrudates, and thus have greater influence on hardness 
and bulk density. In the case of hardness, values at the 120oC were found to decrease from 762 to 
618 N for CS but increased from ~642 to 782 N for the CM blend, whereas at 150oC, hardness 
decreased from 271 to 195 N for CS and remained unchanged for the CM blend at 203 N (Table 
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4.8). Overall, hardness values were 2-3x lower at the higher temperature. The change in trend and 
magnitude (specifically at 120oC) in hardness values between the two blends is thought to be 
associated with differences in starch and protein composition and expansion profile of individual 
flours. Matthey and Hanna (1997) proposed that starch-protein complex could inhibit starch 
gelatinization and degradation. To maximise the stability and reduce shrinking/collapsing of the 
extrudate, it is important to have intermediate-sized starch granules that are not further degraded 
(Gomez and Aguilera, 1984). However, this process is impeded by the formation of starch-protein 
complex, thus not only is the extrudate less expanded, but also more susceptible to elastic recoil 
(Allen et al., 2007). Upon blending chickpea with cereal flours, more protein is available for the 
complex formation. Also, extrudates containing 20 to 30% protein were found to have much 
smaller, more non-uniform and wrinkled air bubble cell walls compared to those containing starch 
mainly (Gujska and Khan, 1991). This may explain the reduced expansion than their individual 
flours at lower temperature. Also, at lower temperature, there is more shrinking due to the more 
elastic nature than at higher temperature, which made the final extrudate dense and hard. The 
results in this study agree with previous reports from Matthey and Hanna (1997), Onwulata et al. 
(1998) and, Gujska and Khan (1991) who all found that higher protein extrudates are generally 
less expanded, but denser and harder. Hardness and bulk density of the blends negatively correlates 
with the expansion ratio. This phenomenon is also reported by Allen et al. (2007) and, Sebio and 
Chang (2000). 
 
4.2.3  Composition of raw and pre-cooked chickpea-cereal flours 
The proximate composition for the raw and pre-cooked CS and CM blended flours as a 
function of extrusion temperature and moisture is given in Table 4.10. An individual degree of 
freedom orthogonal contrast was performed on the proximate data to determined differences 
between raw and precooked, and for the pre-cooked, differences between moisture, temperature 
and their associated interactions. Statistical data are presented in Tables 4.9a and 4.9b for the CS 
and CM blend, respectively.  Although there was some statistical differences found between the 
treatments for both blends (Table 4.9), the magnitude of those differences were not substantial for 
both protein and ash. For the CS and CM blends, protein levels were between 17-18% (d.b.) and 
16-17% (d.b.), respectively, whereas ash levels ranged between 2.3-2.4% (d.b.) and 2.2-2.4% 
(d.b.), respectively (Table 4.10). In the case of crude lipid, a decrease was observed from the raw 
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CS flour (5.3%, d.b.) to that of pre-cooked (2.8-3.4%, d.b.), and for the raw CM flour (5.5%, d.b.) 
to that of the pre-cooked (3.5-4.3%, d.b.) (Table 4.10). The proximate values are close to the 
estimated values calculated based on blending ratio, which range from 16-18%, 2.2-2.3%, for CS 
and 15-17%, 2.3-2.5% for CM in the case of protein and ash respectively; the estimated lipid 
content for raw CS (5.2%) and CM (5.6%) are also close to the experimental results, but for the 
precooked CS and CM, ranging from 3.7-4.0% and 4.3-5.0% respectively, this estimation in lipid 
content are higher than the actual results. This means that blending chickpea and cereal flours for 
extrusion increased the formation of lipid-starch complex.   
 
4.2.4  Functionality of raw and precooked chickpea-cereal flours 
The functional properties for the raw and pre-cooked CS and CM blended flours as a 
function of extrusion temperature and moisture are given in Table 4.10 and 4.11. An individual 
degree of freedom orthogonal contrast was also performed with results given in Tables 4.9a and 
4.9b for the CS and CM blend, respectively. 
 
Water hydration capacity 
Water hydration capacity was found to be significantly higher for both pre-cooked blends 
compared to the raw blended flours (p<0.001) (Table 4.9). WHC increased from 2.0 to 4.6 g/g for 
CS and from 2.0 to 4.9 g/g for CM. The effect of moisture, temperature and their interaction were 
also all significant factors influencing the WHC for both pre-cooked blends (Table 4.9). At 120oC, 
WHC values increased slightly but by and large remained unchanged (~4.6 g/g) for CS and 
increased from 4.4 to 5.2 g/g for CM as the moisture content increased from 20 to 24% (Table 
4.10). At 150oC, WHC increased slightly but remained relatively unchanged for CM (~5.1 g/g) 
and increased from 4.5 to 4.8 g/g for CS as the moisture increased from 20 to 24% (Table 4.10). 
The greater increase in WHC seen at 120oC for CM and 150oC for CS might be the result of greater 
starch gelatinization at higher moisture content. Gujska and Khan (1990) reported nearly three 
times of an increase in WHC of extruded bean flours (navy, pinto and chickpea), ranging from 1.2 
to 4.0 g/g relative to non-extruded flours. The increase in WHC with increasing temperature and 
moisture was also reported by Kumar et al. (2010), Seth et al. (2015), Ding et al. (2005), and 
Chakraborty et al. (2011) for rice-carrot pomace blend, yam-corn-rice blend, rice flour and millet-
legume blend, respectively. After extrusion, starch granules are more disrupted and therefore can 
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bind more water (Seth et al., 2015). Viscosity of melt will also be lower at higher moisture 
contents, which allows more movement of starch molecules for heat transfer, and then a greater 
level of gelatinization (Sobukola et al., 2013). Blending chickpea with cereal flours improved the 
WHC compared to chickpea flours alone, whereas relative to the sorghum and maize flours, the 
WHC of the blend decreased. It is hypothesized that the extruded starches could bind more water 
than the protein. Improved WHC properties in the extruded flours could have applications in meat 
products as a binder (Mehta, 2016).  
 
Oil holding capacity 
  Pre-cooking of the blends by extrusion led to significantly poorer OHC of the flours 
relative to the raw (Table 4.9), where OHC was found to decrease from 1.5 to 1.2 g/g for CS and 
from 1.6 to 1.1 g/g for CM (Table 4.10). Even though for both blends, extrusion conditions were 
found to not significantly effect OHC (p>0.05) (Table 4.9). The observed reduction in values upon 
extrusion could be the result of the formation of starch-lipid complexes during heating making the 
flours less available to abide oils. In general, the OHC for the two raw blends had similar values 
as the raw sorghum (1.5 g/g) and maize (1.5 g/g) flours and was higher than that of raw chickpea 
flour (1.4 g/g) (Table 4.10). In general, compared to the individual flours (Table 4.10), blending 
chickpea with cereal flours seemed to have a negative impact on OHC. Anuonye et al. (2012) also 
reported a decrease in OHC upon blending pigeon pea into unripe banana flour. Gujska and Khan 
(1991) studied the functionalities of extruded blends of high protein fractions of pinto and navy 
beans with their high starch fraction or corn meal. They also found that OHC decreased with 
increasing protein content in these blends. The authors proposed that the physical entrapment of 
oil by disrupted starch granules seemed to be the driving mechanism of lipid absorption since the 
highest values are seen in blends containing more starch and less protein. The decrease in OHC 
after blending means that extruded blends would have a less greasy mouthfeel and could 
potentially be used in fried products (Aguilera et al., 2009). 
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Table 4.10 Proximate composition and functional properties of raw and pre-cooked chickpea: sorghum and chickpea: maize flour 
blends at a 6: 4 ratio as a function of moisture and barrel temperature. The extruded flour represents a composite of two 
extrusion runs.  
Flour Proximate composition  Functional properties1 
 
 Crude 
protein1 
(%, d.b.) 
Crude 
ash1 (%, 
d.b.) 
Crude 
lipid2 
 (%, d.b). 
 WHC 
(g water/g 
flour, d.b.) 
OHC 
(g oil/g 
flour, d.b.) 
Emulsion 
Activity 
(%) 
Emulsion 
Stability 
(%) 
Foaming 
Activity 
(%) 
Foaming 
Stability 
(%) 
 
           
Chickpea: Sorghum 
Raw flour 18.1 ± 0.0 2.4 ± 0.1 5.3  1.97 ± 0.02 1.46 ± 0.04 47 ± 0 56 ± 0 203 ± 4 0.0 ± 0.0 
Pre-cooked 
flour 
          
120oC, 20% 17.1 ± 0.0 2.3 ± 0.1   3.1   4.57 ± 0.07 1.16 ± 0.05 48 ± 2 40 ± 0 ND ND 
120oC, 24% 16.9 ± 0.0 2.3 ± 0.0 3.0  4.63 ± 0.02 1.21 ± 0.02 47 ± 1 41 ± 0 ND ND 
150oC, 20% 17.2 ± 0.1 2.3 ± 0.0 2.8  4.50 ± 0.01 1.19 ± 0.07 45 ± 0 42 ± 0 ND ND 
150oC, 24% 17.0 ± 0.0 2.3 ± 0.0 3.4   4.76 ± 0.05 1.18 ± 0.07 45 ± 0 43 ± 0 ND ND 
           
Chickpea: Maize 
Raw flour 16.9 ± 0.1 2.2 ± 0.0 5.5  1.98 ± 0.09 1.56 ± 0.10 46 ± 0 54 ± 0 169 ± 4 2 ± 0 
Pre-cooked 
flour 
          
120oC, 20% 16.3 ± 0.0 2.4 ± 0.0   3.5   4.41 ± 0.14 1.10 ± 0.03 42 ± 0 45 ± 1 ND ND 
120oC, 24% 15.8 ± 0.0 2.4 ± 0.0 4.2   5.24 ± 0.07 1.17 ± 0.04 43 ± 0 42 ± 1 ND ND 
150oC, 20% 16.4 ± 0.0 2.3 ± 0.0 4.3   4.97 ± 0.10 1.17 ± 0.01 43 ± 0 43 ± 0 ND ND 
150oC, 24% 16.2 ± 0.1 2.3 ± 0.0 3.8   5.10 ± 0.06 1.11 ± 0.03 45 ± 0 44 ± 0 ND ND 
           
 
Notes: 
1Data represent the mean of triplicate measurements on the composite flour ± one standard deviation (n = 3). 
2Data represent the mean of triplicate measurements on the composite flour ± one standard deviation (n = 3). 
Abbreviations: WHC (water hydration capacity), OHC (oil holding capacity), ND (not detected), and d.b. (dry basis) 
8
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Table 4.11 Pasting properties of raw and pre-cooked chickpea: sorghum and chickpea: maize flour blends at a 6: 4 ratio as a function 
of moisture and barrel temperature. The extruded flour represents a composite of two extrusion runs. Data represent the 
mean of triplicate measurements on the composite flour ± one standard deviation (n = 3).  
Flour Peak viscosity 
(cP) 
Trough  
(cP)  
Breakdown 
(cP) 
Final viscosity 
(cP) 
Setback  
(cP) 
Pasting 
Temperature 
(oC) 
 
       
Chickpea: Sorghum       
Raw flour 1162.3 ± 7.2 893.7 ± 9.1 268.7 ± 12.7 2110.3 ± 21.1 1216.7 ± 26.1 86.4 ± 0.0 
Extruded flour       
120oC, 20% 107.3 ± 1.2 93.3 ± 1.2 14.0 ± 0.0 112.0 ± 1.7 18.7 ± 0.6 ND 
120oC, 24% 110.0 ± 2.6 101.3 ± 2.1 8.7 ± 0.6 124.3 ± 3.1 23.0 ± 1.0 ND 
150oC, 20% 127.3 ± 0.6 100.7 ± 0.6 26.7 ± 1.2 149.3 ± 1.5 48.7 ± 1.5 ND 
150oC, 24% 151.0 ± 2.6 120.3 ± 2.1 30.7 ± 0.6 170.7 ± 3.2 50.3 ± 1.2 ND 
       
Chickpea: Maize       
Raw flour 1081.7 ± 10.0 981.7 ± 24.2 100.0 ± 17.8 2009.7 ± 78.9 1028.0 ± 55.0 81.5 ± 0.0 
Extruded flour       
120oC, 20% 115.0 ± 3.5 52.0 ± 0.0 63.0 ± 3.5 72.0 ± 0.0 20.0 ± 0.0 ND 
120oC, 24% 137.5 ± 2.1 80.5 ± 2.1 57.0 ± 0.0 115.0 ± 2.8 34.5 ± 0.7 ND 
150oC, 20% 156.3 ± 2.1 67.7 ± 1.2 88.7 ± 2.1 91.3 ± 0.6 23.7 ± 1.5 ND 
150oC, 24% 150.0 ± 3.5 101.3 ± 2.1 48.7 ± 1.5 154.3 ± 2.5 53.0 ± 1.0 ND 
       
Notes: 
Abbreviations: cP (centipoise = millipascal-second, mPa∙s) and ND (not detected). 
  
8
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Emulsification 
Emulsion activity (EA) for the pre-cooked CM blend was found to be significantly reduced 
relative to its raw flour, where EA values decreased from 46 to 43% (Table 4.9b, 4.10). In contrast, 
EA for the CS blend remained unchanged after extrusion (47%) (Table 4.9a, 4.10). Although there 
were significant differences in all extrusion conditions for the EA values for the CM blend, and 
for temperature (only) for the CS blend (Table 4.9), the magnitude of changes was not substantial 
(Table 4.10). In terms of emulsion stability (ES), both pre-cooked blended flours had significantly 
lower ES relative to the raw flours where ES was reduced from 56 to 41% for CS and from 54 to 
43% for CM (Table 4.9, 4.10). Similar to the EA data, some statistical significance between 
extrusion conditions were noted (Table 4.9), however the magnitude of those changes was not 
substantial (Table 4.10). Since protein is the key contributor to emulsifying properties, it is natural 
to speculate that such properties would be improved with an increase in protein content. Gujska 
and Khan (1991) reported a positive correlation between emulsion capacity and protein content in 
their blended extrudates. For example, the emulsion capacity of pre-cooked high starch fraction of 
pinto bean increased from 19.2 mL/g to 42.5 mL/g upon blending in 30% (w/w) of its high protein 
fraction. However, this is not the case in the current study except for the raw blends, which showed 
some improvement: upon blending in 60% (w/w) of chickpea into individual sorghum and maize 
flours, the raw protein content increased from 9.5 to 18.1% and 7.0 to 16.9% respectively. The 
magnitude of increase in EA and ES does not match that seen in protein content, where EA 
increased from 38% for raw sorghum to 47% for CS, and from 45% for raw maize to 46% for raw 
CM; and ES increased from 48% for raw sorghum to 56% for raw CS, and from 40% for raw 
maize to 54% for raw CM (Table 4.4, 4.10). Unlike the raw blends, the extruded ones showed a 
general decrease in average EA and ES. In brief, EA remained 46% for both sorghum and CS 
extrudates, and decreased from 48 to 43% for maize and CM respectively; ES remained around 
40% for both sorghum and CS and decreased from 48 to 44% for maize and CM respectively. This 
contradictory result from the other study indicates that the effect of protein on extrudate 
functionality is dependent on both type and concentration of protein (Gujska and Khan, 1991). 
Continuous phase viscosity can lead to enhanced stability by resisting gravitational separation 
(Meybodi et al., 2014). Extrusion process led to denaturation of the proteins and losses in solubility 
(Table 4.4). Therefore, mobility of the proteins to the interface would be less than unprocessed 
flours, and after starch gelatinization the continuous phase viscosity decreased significantly as 
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shown in pasting property (Table 4.11), ultimately leading to poorer emulsifying properties. The 
blends in the current study regardless of processing conditions did not seem to exhibit desirable 
emulsifying function compared to the commonly used commercial surfactants such as Tween 20, 
80, and soy lecithin, which showed ES over 80% and EA of 93, 87, and 88% respectively (Lee 
and Choo, 2015). However, this is likely because of the low protein content in the emulsion (<1% 
w/w) and does not mean that they are not applicable as potential emulsifiers. For example, Gumus 
et al. (2017) found that lentil protein concentrate added at 5% (w/w) exhibited stable emulsifying 
activity under different stresses such as pH, ionic strength and temperature changes. Therefore, 
application of different pulse proteins could be of important value in the production of clean-label 
fortified foods, beverages and emulsion-based products such as cosmetic products. 
 
Foaming 
 Foaming activity and stability for the raw and pre-cooked flour blends were examined, 
however only the raw flours were able to form foams (FA = 203% for CS; FA = 169% for CM), 
which were inherently very unstable (Table 4.10). Although blending chickpea flour into the 
cereals did improve the foaming performance of the individual raw cereal flours, the extruded 
blends behaved the same as the pre-cooked chickpea, sorghum, and maize flours, which produced 
no foam after homogenization. The presence of foam for raw CM versus its absence for raw maize 
indicates that chickpea is the main contributor to foaming in our case. The poor FA of blends 
containing maize flour has also been reported by Bhise et al. (2015). They substituted 0-40% 
extruded defatted sunflower seeds with maize flour, and found low FA ranging from 6 to 20%. 
The difference in the magnitude of the values compared to this study is likely the due to different 
ingredients. In general, the ingredients, either extruded or not, in the current study are not suitable 
to be used as foaming agent.  
 
Pasting properties 
The pasting properties of all raw and pre-cooked blended flours were assessed in the Rapid 
Visco Analyser (RVA). Just at the individual chickpea, sorghum and maize flours, during the test 
all viscosities [peak viscosity (PV), trough/holding viscosity (TV), breakdown viscosity (BV), 
final viscosity (FV) and setback viscosity (SV)] were found to be significantly lower after 
extrusion relative to the raw blends (Table 4.9, 4.11). In general, the effect of extrusion conditions 
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significantly affected all viscosities, with few exceptions (Table 4.9) which are likely due to 
blending in chickpea flour. During the extrusion process, starch gelatinization increases due to the 
combination of moisture, heat and shear leading to a large reduction in viscosity. During extrusion, 
starch granules are hydrated with the added moisture and heated as it is mixed within the barrel. 
Starch granules then swell, and amylose chains and some amylopectin within the granule become 
amorphous and migrate outside of the granule (known as pasting) (Mitrus et al., 2017). The process 
is expedited by shearing which induces further damage to the starch granules. The amylose chains 
then re-orient during cooling outside of the broken granules (Perten Instruments, 2015). In general, 
as the moisture levels and temperatures increase in the barrel, a greater amount of starch 
gelatinization occurs. The differences between the blends, reflects differences in the composition 
of the starch fraction for both sorghum and maize. Pasting temperature was also only found for the 
raw blends, with temperatures of 86.4 and 81.5oC for the CS and CM blends, respectively (Table 
4.11). Temperatures were not detected for the pre-cooked samples since gelatinization of the starch 
likely had already occurred during the extrusion process, prior to running the rapid visco analysis. 
According to Figure 4.3, extruded blends showed no viscosity peak compared to their raw. This 
result aligns with what was demonstrated in Figure 4.1 for the individual flours. Compared to the 
pre-cooked maize, there is no substantial cold viscosity in the extruded chickpea-maize blend. This 
decrease might be contributed by the increased (chickpea) protein content in the blend, which was 
denatured and more hydrophobic and thus decreased swelling and viscosity (Zhou et al., 2016). 
The low viscosity of the pre-cooked blends means that they could also be used as cold or hot 
beverages, and other formulations that require a consistent low viscosity upon heating. 
Figure 4.4 shows the thermal properties of raw and pre-cooked blends extruded under mild 
condition at 120oC and 20% moisture content using the DSC. The raw blends both displayed 
endothermic peaks associated with starch gelatinization whereas no detectable heat flow related to 
gelatinization was seen for the pre-cooked blends. This result verified our postulation and agrees 
with that obtained from Study 1, which implies the complete gelatinization and/or melting of starch 
during extrusion. The complete starch gelatinization during extrusion has also been reported by Ai 
et al. (2016). 
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Figure 4.3    RVA profile for raw and extruded (A) chickpea-sorghum and (B) chickpea-maize 
flours (screw speed: 317 rpm; feed rate: 14 kg/h). 
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Figure 4.4   DSC thermograms of (A) raw and (B) extruded chickpea-sorghum and chickpea-   
maize flours (Heating rate=10oC/min. Extrusion temperature: 120oC; screw speed: 
317 rpm; moisture content: 20%; feed rate: 14 kg/h). 
 
4.2.5  Protein quality of raw and precooked chickpea-cereal flours 
Protein quality for the CS and CM blends for the raw and pre-cooked materials, and as a 
function of extrusion temperature and moisture is given in Table 4.12. In vitro protein digestibility 
(IVPD) of pre-cooked CS and CM blends were found to be significantly higher compared to their 
raw counter parts, which increased from 75 to 80%, and from 74 to 82%, respectively (Tables 
4.12). Similar results in IVPD after extrusion were reported by El-Hady and Habiba (2003), Alonso 
et al (2000), and Wang et al. (2008) for four kinds of legumes (peas, chickpea, faba and kidney 
beans), beans (faba and kidney) and flaxseed, respectively. Although there were some significant 
effects of moisture, temperature and their interaction within the orthogonal individual degree of 
freedom contrast analysis (Table 4.9), changes in the magnitude of the IVPD within the pre-cooked 
blends were not substantial (Table 4.12). Compared to the average IVPD of individual chickpea 
(81%) and maize (76%), the protein digestibility of the CM (82%) blend was noticeably higher, 
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and that of CS blend (80%) did not have substantial change. When compared to the IVPD of 
sorghum (74%), however, there was a 6% increase. This result is expected as the protein content 
was significantly increased upon addition of chickpea flour. The improved IVPD upon blending 
different pulses (yellow and green pea, lentil, and chickpea) into cereal (wheat) flour was also 
reported by Patil et al. (2016). By added legumes to wheat up to a level of 15%, the authors found 
that IVPD increased from 32 to 38% for the raw blends, and 59 to 66% for the extruded blends. 
Nosworthy et al. (2017) also reported increase in IVPD from raw to extruded (77 to 80%) 
buckwheat-pinto bean blends (50:50). Although the negative effect of bioactive compounds (e.g. 
phenolics and enzyme inhibitors) on protein digestibility is widely known, extrusion seems to play 
a greater role than the limiting effects from these compounds due to the physicochemical changes 
that happens during processing in the extruder barrel (Patil et al., 2016). During extrusion, the 
combination of moisture, heat and shear is thought to induce the partial unraveling of the protein’s 
conformation to allow for greater exposure of sites for digestive enzymes to attack (Fontana et al., 
1997). In addition to the increased bioavailability, the bioactive compounds are inactivated during 
the heating process (Marquardt et al., 1974).  
The full amino acid composition of raw and pre-cooked flours reported in grams per 100 g 
flour is given in Appendix B (Table B.3); the essential amino acid concentration in milligram per 
gram protein, along with the FAO reference pattern is given in Table B.4; and the amino acid 
scores for each essential amino acid is given in Table B.4. For both of raw blends, all the essential 
amino acid concentration is above the FAO reference except for Met+Cys for CS and threonine  
for both blends; after extrusion, a general decrease in the concentration was observed, whereas that 
of Met+Cys was increased in both blends (Table B.4). Both methionine and cystine are 
hydrophobic amino acids, they are often buried in the hydrophobic core (Brosnan et al., 2006). 
Therefore, it is expected to see an increase in them after extrusion where shear and heat denature 
protein and expose more of these amino acids. In both blends, the limiting amino acid was found 
to be threonine for the raw material, which is associated with the chickpea component of the blend, 
whereas in all pre-cooked blended flours lysine became limited. The limiting amino acid score for 
the raw CS and CM blends was 0.85 and 0.89, respectively, whereas for the pre-cooked CS and 
CM blends scores decreased and ranged between 0.72-0.78 and 0.78-0.87, respectively (Table 
4.12).  Because of the 6:4 chickpea: cereal blending ratio, the amino acids are dominated by the 
composition of the chickpea. 
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Table 4.12 Amino acid scores and protein quality data of raw and pre-cooked chickpea: 
sorghum and chickpea: maize blends at a 6: 4 ratio as a function of moisture and 
barrel temperature. The extruded flour represents a composite of two extrusion runs.  
Notes: 
1Measurements were performed once on the composite blend from two extrusion processing runs. 
2Measurements were performed in triplicate on the composite blend from two extrusion processing 
runs. Data represent the mean ± one standard deviation (n = 3). 
3Data represents the product of the limiting amino acid score and IVPD (measured in triplicate). 
Data represent the mean ± one standard deviation (n = 3). 
Abbreviations: THR (Threonine), LYS (Lysine), IVPD (In vitro protein digestibility), and IV-
PDCAAS (In vitro protein digestibility corrected amino acid score) 
 
The atypical phenomenon in the limiting amino acid in chickpea is possible as the nutritional 
quality of chickpea is dependent on various factors such as environment, climate, soil nutrition, 
soil biology, agronomic practices and biotic and abiotic stress factors (Wood and Grusak, 2007). 
Galili et al. (2005) reported that the biosynthesis of threonine, methionine, (iso)leucine are 
interconnected. Environmental stress would result in increased accumulation of isoleucine, whose 
precursors are threonine, synthesized by threonine synthase, and methionine, catalyzed by 
cystathionin γ-synthase (Joshi et al., 2010). Different type of stress could lead to one synthase 
outcompete the other one, and drought seems to induce the accumulation of methionine and thus 
the reduction of threonine (Galili et al., 2005). The greater accumulation of methionine under 
 Limiting amino 
acid 
Limiting amino 
acid score1 
IVPD2 
(%) 
IV-PDCAAS3 
(%) 
     
Chickpea: Sorghum 
Raw flour THR 0.85 75.37 ± 0.28 63.94 ± 0.23 
Pre-cooked 
flour 
    
120oC, 20% LYS 0.78 79.72 ± 0.66 62.06 ± 0.49 
120oC, 24% LYS 0.74 78.81 ± 0.69 58.02 ± 0.50 
150oC, 20% LYS 0.74 80.44 ± 0.42 59.45 ± 0.31 
150oC, 24% LYS 0.72 81.35 ± 0.10 58.29 ± 0.07 
     
Chickpea: Maize 
Raw flour THR 0.89 74.11 ± 0.52 66.07 ± 0.47 
Pre-cooked flour     
120oC, 20% LYS 0.84 81.71 ± 0.73 68.51 ± 0.61 
120oC, 24% LYS 0.87 80.91 ± 0.44 70.28 ± 0.38 
150oC, 20% LYS 0.79 82.37 ± 0.38 64.89 ± 0.30 
150oC, 24% LYS 0.78 82.43 ± 0.38 64.24 ± 0.29 
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drought stress were reported by both Du et al. (2012) for Bermuda-grass and Shen et al. (1989) for 
flat pea.  
During the extrusion process, the heat liability of lysine results in deficiencies. Unlike the 
individual cereal extrudates that had noticeable decrease in limiting amino acid score at high 
temperature and low moisture condition (Table 4.6), the blends did not show such a trend. We 
hypothesize that this is due to the protective effect of increased lipid, which can act as a lubricator 
during extrusion and lessen the shear and temperature (Hu, 1994). Compared to the other eight 
essential amino acids, lysine is the most reactive during processing because of its two amino groups 
(O’Brien and Morrissey, 1989). The Maillard reaction between free amino groups and carbonyl 
groups of reducing sugar leads to loss of lysine, especially under high temperature and low 
moisture conditions during extrusion (Singh et al., 2007). It was found that heat treatment only 
just above 100oC was able to modify cystine (Klarenbeek, 1984), which is more stable compared 
to lysine (Higgs and Boland, 2014). Blending of chickpea greatly increased the lysine 
concentration of sorghum and maize from 20 to 50 mg/g protein and 32 to 53 mg/g protein 
respectively, although that of individual chickpea was as high as 60 mg/g protein, the decrease in 
chickpea is not comparable to the increase of lysine for the cereal blends. In general, greater lysine 
retention for the blends are obtained at lower temperature, where CS and CM retained 44 (88%) 
and 50 mg/g protein (94%) respectively. At higher temperature, the lysine retention for CS and 
CM were 42 (85%) and 45 (86%) mg/g protein. Similar results were reported by Hood-Niefer and 
Tyler (2010), who reported 46 mg/g protein (87%) retained lysine out of 53 mg/g protein in pea 
flour that contain 18% protein, which is similar to that of the blends, when extruding the flour at 
100oC and 18% moisture. Another study investigating the retention of essential amino acids during 
extrusion of protein blend (milk and egg protein with wheat flour) and reducing sugar solution 
(fructose, galactose and glucose) (110 and 125oC, 19 and 23.5% moisture) showed only up to 40% 
of lysine retention, yet 80 to 100% retention of other essential amino acids (Singh et al., 2007). 
The very low retention in their study likely due to the carbohydrate substance they chose, fructose 
and galactose, which are both reducing sugar and much more readily to undergo Maillard reaction 
with protein. Overall, the lysine reduction during extrusion in this study falls within the range of 
10 to 15% reported by Singh et al. (2000), who extruded rice and wheat bran blends. Albeit the 
reduction, extrusion still retained more lysine compared to other food processing methods that 
loses 20 to 40% (Singh et al., 2000). 
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In the case of the in vitro protein digestibility corrected amino acid score (IV-PDCAAS), 
significant decreased were found between the raw and pre-cooked blended flours, where for CS 
IV-PDCAAS was reduced from 64 to 59%, however for the CM blend (on average), the slight 
increase in scores are not substantial and remained relatively unchanged (66 - 67%) (Table 4.12). 
The reduced scores for the CS blends relative to the CM, reflects much lower lysine levels in the 
sorghum flour vs. the maize (Table 4.6). In contrast to the insignificant effect of extrusion on IV-
PDCAAS for the individual flours, the significant reduction for CS indicates that blending 
chickpea with sorghum resulted in greater loss of lysine and is likely due to the intensified Maillard 
reaction because of increase in protein (Singh et al., 2000). Significant differences were found for 
all extrusion conditions and their interactions in the case of both blends (Table 4.9). For CS, IV-
PDCAAS decreased from 62 to 58 at 120oC and remained relatively unchanged at 150oC (58-59%) 
as the moisture increased from 20 to 24%. For CM, IV-PDCAAS was more sensitive to 
temperature than moisture, where values were reduced from 68-70% at 120oC to 64-65% at 150oC 
(Table 4.12). The larger reduction associated with temperature is likely due to the chickpea because 
temperature was the only significant factor that affected the IV-PDCAAS whereas the interaction 
for both temperature and moisture was significant to that of the cereal extrudates (Table 4.6). This 
reduction is believed to be associated with the increased heat susceptibility of lysine which drove 
the limiting amino acid score used in the calculation of IV-PDCCAS lower.  
IV-PDCAAS increased significantly upon the addition of chickpea flour compared to their 
cereal counterparts. It is worth noting that the limiting amino acid score and IV-PDCAAS 
calculated based on the blend ratio and results for individual flours in section 4.1 ranges from 0.63 
to 0.67 and 50 to 53% for CS, and 0.69 to 0.75 and 56-59% for CM, respectively. These calculated 
values are lower than the experimental results (Table 4.12), which means that blending pulse with 
cereals improved protein quality likely through increased lysine retention. It was reported that 
higher protein content could result in better lysine retention (Hood-Niefer and Tyler, 2010). In 
general, the CM blend had the greater IV-PDCAAS. Among the pre-cooked blends, only CM 
extruded at 120oC, 24% moisture content had IV-PDCAAS value reached the requirement (70%) 
for food aid products for moderate malnourished children (WHO, 2012). A significant gap in 
protein quality still exists compared to the FBFs currently in use with PDCAAS value of 85%. The 
USAID recommended the development of new cereal-based blends using locally cultivated grains 
with proper nutritional values, which encourages the addition of whey protein (Rosenberg et al., 
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2011). Therefore, even though the blends by themselves are not enough to be used for the moderate 
malnourished population, the inclusion of dairy could significantly increase the protein quality to 
over 80% (Hoppe et al., 2008). Thus, potential future development for the blends could be in lipid-
based ready-to-use food and weaning foods for infants (Mosha et al., 2005), as well as snack foods 
that typically have lower PDCAAS value than 70% (Brennan et al., 2013). 
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5. OVERALL CONCLUSIONS 
 
 Food security has been an ongoing focus for FAO and UN countries such as Canada and 
the United States. Since the 1960s, food aid products using corn and soy blends have been 
produced and distributed to many countries in need. In recent years, the USAID recommended the 
development of new blends using crops that are nutritionally and culturally available. Chickpea, 
sorghum and maize are the three important crops widely cultivated especially for semi-arid 
countries in Africa. This research examined the effect of extrusion temperature and moisture on 
the physicochemical, functional and nutritional properties of these three flours and their blends. 
The understanding of extrudate physical characteristics, and the composition and functionality of 
pre-cooked milled extrudate flours is important for determined their suitability in food aid 
products, and in future applications in the food industry. 
 In the first study, Kabuli chickpea was found to have the highest protein, ash and lipid 
contents relative to the two cereals. Extrusion was found to decrease the content of protein in 
chickpea and lipid in all flours due to the formation of lipid-protein and protein-starch complexes 
but did not substantially affect the ash content. Chickpea flour was also found to have the least 
specific mechanical energy during extrusion, and subsequently the higher bulk density and 
hardness, and less expansion compared to the cereal flours. SME generally decreased with the 
increase of barrel temperature for chickpea, whereas decreased with the increase of moisture 
content for sorghum and maize. In general, high temperature and moisture favors the expansion of 
chickpea, whereas lower moisture content favors the expansion of cereal flours. Oil holding 
capacity did not change substantially for the all flours after extrusion. However, extrusion 
significantly altered the water hydration capacity and pasting properties of each flour. All flours 
showed increase in WHC by ~2-3 times, and a decrease in pasting viscosities by ~8-40 times. The 
disappearance of the endothermic heat flow peak of the extruded flours indicates that extrusion 
processing pre-gelatinized and/or melted all detectable starch. Emulsion capacity for chickpea was 
found to decrease but increase for the maize flour after extrusion. In the case of emulsion stability, 
extruded maize was the only flour showing improved emulsion stability. Only raw chickpea 
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(~250%) and sorghum (~48%) flours were able to generate foams. However, none of the extruded 
samples showed foaming capability. Although there was a general increase in the in vitro protein 
digestibility after extrusion, the protein quality (IV-PDCAAS) was not remarkably improved 
possibly due to the disruption of limiting amino acid (Val and Lys) and lowered nitrogen solubility 
because of extrusion. 
In the second study, the blending ratio of 60:40 for chickpea: cereal was chosen based on 
the better protein quality of the raw blends and extrudability; although the blend with highest 
chickpea flour has the highest protein quality, the high fat and protein content could result in 
jamming of the extruder and poor expansion (Gearhart and Rosentrater, 2014). Blending chickpea 
with cereal flours increased the protein, ash and fat content compared to the individual cereal 
flours. Protein and lipid content for the blends slightly decreased after extrusion, whereas ash 
content remained relatively unchanged. The specific mechanical energy decreased with the 
increase of temperature and moisture in both blends. And the magnitude of blends’ SME (ranging 
from ~214 to 451 kJ/kg) was comparable to that of individual chickpea flour, ranging from ~222 
to 445 kJ/kg. In general, higher temperature resulted in greater expansion, thus less hardness and 
bulk density. It is worth mentioning that blending chickpea with cereal noticeably increased the 
hardness at 120oC for both blends (ranging from ~618 to 782 N) compared to those of the chickpea 
(~448 N) and cereal extrudates (ranging from 186 to 211 N) treated at the same temperature. In 
general, extrusion decreased oil holding capacity, emulsion activity and stability. For the raw 
flours, blending chickpea into cereals improved the foaming functionality compared to the 
individual cereal flours. However, none of the extruded samples showed foaming capability. 
Extrusion decreased the pasting viscosities of the blends by 8-37 times compared to their raw 
counterparts. In general, although protein digestibility increased for both blends because of 
extrusion, the overall protein quality (IV-PDCAAS) decreased possibly due to the loss of the 
limiting amino acid lysine, especially at higher extrusion temperature. Also, although the protein 
quality of the blends (both raw and extruded) are higher than their cereal counterparts, it did not 
show the complimentary effect as expected, which could be explained by the exceptional amino 
acid profile of the specific chickpea cultivar used in this study.  
According to the results, blending in chickpea flour increased the protein quality of the 
cereal flours. Only the IV-PDCAAS for CM (70%) treated at 120oC and 24% moisture reached 
the requirement (70%) by WHO to be used as food aid for the moderately malnourished. However, 
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the addition of dairy product such as whey protein into the blends, as recommended by the USAID, 
could significantly improve the protein quality. Due to the great hydration property after extrusion, 
the pre-cooked flour could be developed into instant cold/hot beverage or porridge. Other potential 
applications include lipid-based ready-to-use food, snack foods, and infant weaning foods. 
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6. FUTURE STUDIES 
 
This research examined the effect of extrusion temperature and moisture on the 
physicochemical, functional and nutritional properties of Kabuli chickpea, sorghum, maize and 
chickpea-cereal blends. However, the temperature chosen for this work was relatively low 
compared to that used by the food industry for high protein ingredients (e.g. 130-180oC for meat 
analogue) (Osen and Schweiggert-Weisz, 2015), and the moisture relatively high if the product 
were to be puffed snacks or breakfast cereals (e.g., 17-20%) (Reddy et al., 2014). Therefore, 
expanding the extrusion condition would be beneficial not only from the development perspective, 
but also could provide a clearer trend in the effect of these two variables. The application of 
scanning electron microscopy (SEM) would be useful for future analysis of the extrudate 
microstructure in terms of their cell wall thickness, shape and structure of the pores, which is 
closely related to the physical parameters such as expansion ratio, hardness and bulk density of 
extruded products. The use of SEM would also provide more insight of an emulsion system. 
The functional properties such as emulsion and foaming are largely dependent on the 
surface property of protein, mainly the hydrophobicity. If measured, it would provide more 
fundamental reasons as to why emulsion and foaming properties are the way they are, also the 
extent of protein denaturation as the result of extrusion could be better revealed. The 
hydrophobicity also relates to protein solubility and thus affect protein digestibility. The sever 
processing condition in the extruder barrel is known for dextrinizing starch, which in turn affects 
the viscosity of the melt and thus downstream physical and functional properties of the extrudates. 
Thus, the degree of starch dextrinization after extrusion should be addressed. 
In terms of the nutritional analysis, this research only focused on protein. However, 
carbohydrates are also an indispensable source of nutrition. Starch digestibility after extrusion 
should be investigated in the future study, and related to the type of starch (e.g., digestible, 
indigestible and resistance starch). The protein quality data reported in this research was evaluated 
using an in vitro protein digestibility assay. Although a good correlation between IV-PDCAAS 
and in vivo PDCAAS was reported by researchers, it would still be important to carry out the in 
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vivo assay to obtain more accurate results despite of the ethnic controversy and cost of using lab 
animals. 
Based on the results of this research, further product development of the extrudates would 
also be of value. The addition of whey protein to the blends would probably render a good food 
aid product. It is also quite viable to develop an instant cold/hot beverage from the pre-cooked 
flours owing to its great water hydration capacity.  
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Aguilera, Y., Esteban, R. M., Benítez, V., Mollá, E., & Martín-Cabrejas, M. A. (2009). Starch, 
functional properties, and microstructural characteristics in chickpea and lentil as affected 
by thermal processing. Journal of Agricultural and Food Chemistry, 57(22), 10682-10688. 
Ai, Y., Cichy, K. A., Harte, J. B., Kelly, J. D., & Ng, P. K. (2016). Effects of extrusion cooking 
on the chemical composition and functional properties of dry common bean powders. Food 
Chemistry, 211, 538-545. 
Ainsworth, P., İbanoğlu, Ş., Plunkett, A., İbanoğlu, E., & Stojceska, V. (2007). Effect of brewers 
spent grain addition and screw speed on the selected physical and nutritional properties of 
an extruded snack. Journal of Food Engineering, 81(4), 702-709. 
Akdogan, H. (1996). Pressure, torque, and energy responses of a twin-screw extruder at high 
moisture contents. Food Research International, 29(5-6), 423-429. 
Akibode, S., & Maredia, M. K. (2012). Global and regional trends in production, trade and 
consumption of food legume crops. Department of Agricultural, Food, and Resource 
Economics, Michigan State University. 
Akubor, P. I., & Onimawo, I. A. (2003). Functional properties and performance of soybean and 
maize flour blends in cookies. Plant Foods for Human Nutrition, 58(3), 1-12. 
 99 
 
Alizadeh, K., & da Silva, J. A. T. (2013). Mixed cropping of annual feed legumes with barley 
improves feed quantity and crude protein content under dry-land Conditions. Maejo 
International Journal of Science and Technology, 7(1), 42-47. 
Allen, K. E., Carpenter, C. E., & Walsh, M. K. (2007). Influence of protein level and starch type 
on an extrusion‐expanded whey product. International Journal of Food Science and 
Technology, 42(8), 953-960. 
Alonso, R., Aguirre, A., & Marzo, F. (2000). Effects of extrusion and traditional processing 
methods on antinutrients and in vitro digestibility of protein and starch in faba and kidney 
beans. Food Chemistry, 68(2), 159-165. 
Altan, A., McCarthy, K. L., & Maskan, M. (2008). Evaluation of snack foods from barley–tomato 
pomace blends by extrusion processing. Journal of Food Engineering, 84(2), 231-242. 
Altomare, R. E., & Ghossi, P. (1986). An analysis of residence time distribution patterns in a twin-
screw cooking extruder. Biotechnology Progress, 2(3), 157-163. 
Aluko, R., Mofolasayo, O., Watts, B., 2009. Emulsifying and foaming properties of commercial 
yellow pea (Pisum sativum L.) seed flours. Journal of Agricultural and Food Chemistry. 
57(20), 9793–9800. 
Anuonye, J. C., Ndaliman, M., Elizabeh, O. U., & Yakubu, M. C. (2012). Effect of blending on 
the composition and acceptability of blends of unripe banana and pigeon pea flours. 
Nigerian Food Journal, 30(1), 116-123. 
AOAC. (2000). Official methods of analysis, 15th Ed. Association of Official Analytical Chemists. 
Washington, DC, USA. 
Asif, M., Rooney, L. W., Ali, R., & Riaz, M. N. (2013). Application and opportunities of pulses 
in food system: a review. Critical Reviews in Food Science and Nutrition, 53(11), 1168-
1179. 
Badrie, N., & Mellowes, W. A. (1991). Effect of extrusion variables on cassava extrudates. Journal 
of Food Science, 56(5), 1334-1337. 
Baghurst, P. A., Baghurst, K. I., & Record, S. J. (1996). Dietary fibre, non-starch polysaccharides 
and resistant starch: a review. Food Australia, 48(3), 3-35. 
Bai, T., Nosworthy, M. G., House, J. D., & Nickerson, M. T. (2018). Effect of tempering moisture 
and infrared heating temperature on the nutritional properties of Desi chickpea and hull-
less barley flours, and their blends. Food Research International, 108, 430-439. 
 100 
 
Bai, T., Stone, A. K., & Nickerson, M. T. (2018). Effect of tempering moisture and infrared heating 
temperature on the functionality of Desi chickpea and hull‐less barley flours. Cereal 
Chemistry, 95(4), 508-517. 
Balasubramanian, S., Borah, A., Singh, K. K., & Patil, R. T. (2012). Effect of selected dehulled 
legume incorporation on functional and nutritional properties of protein enriched sorghum 
and wheat extrudates. Journal of Food Science and Technology, 49(5), 572-579. 
Barrett, A. H., & Kaletunc, G. (1998). Quantitative description of fracturability changes in puffed 
corn extrudates affected by sorption of low levels of moisture. Cereal Chemistry, 75(5), 
695-698. 
Batey, I. L. (2007). Interpretation of RVA curves. In: The RVA Handbook. (pp. 19-30). St. Paul, 
MN: AACC International. 
Bhattacharya, M., & Hanna, M. A. (1987). Kinetics of starch gelatinization during extrusion 
cooking. Journal of Food Science, 52(3), 764-766. 
Bhattacharya, M., & Hanna, M. A. (1988). Extrusion processing to improve nutritional and 
functional properties of corn gluten. LWT-Food Science and Technology. 
Bhattacharya, S., & Choudhury, G. S. (1994). Twin-screw extrusion of rice flour: Effect of 
extruder length-to-diameter ratio and barrel temperature on extrusion parameters and 
product characteristics. Journal of Food Processing and Preservation, 18(5), 389-406. 
Bhattacharya, S., & Prakash, M. (1994). Extrusion of blends of rice and chick pea flours: A 
response surface analysis. Journal of Food Engineering, 21(3), 315-330. 
Bhattacharya, S., Das, H., & Bose, A. N. (1988). Effect of extrusion process variables on in-vitro 
protein digestibility of fish-wheat flour blends. Food Chemistry, 28(3), 225-231. 
Bhise, S., Kaur, A., & Aggarwal, P. (2015). Development of protein enriched noodles using 
texturized defatted meal from sunflower, flaxseed and soybean. Journal of Food Science 
and Technology, 52(9), 5882-5889. 
Bidlingmeyer, B. A., Tarvin, T. L., & Cohen, S. A. (1987). Amino acid analysis of submicrogram 
hydrolyzate samples. In Methods in Protein Sequence Analysis· 1986 (pp. 229-245). 
Humana Press, Totowa, NJ. 
Bigelow, C. C. (1967). On the average hydrophobicity of proteins and the relation between it and 
protein structure. Journal of Theoretical Biology, 16(2), 187-211. 
 101 
 
Biliaderis, C. G. (1983). Differential scanning calorimetry in food research—a review. Food 
Chemistry, 10(4), 239-265. 
Biliaderis, C. G., Maurice, T. J., & Vose, J. R. (1980). Starch gelatinization phenomena studied by 
differential scanning calorimetry. Journal of Food Science, 45(6), 1669-1674. 
Björck, I., & Asp, N. G. (1983). The effects of extrusion cooking on nutritional value—a literature 
review. Journal of Food Engineering, 2(4), 281-308. 
Blake, O. (2006). Effect of molecular and supramolecular characteristics of selected dietary fibres 
on extrusion expansion. Purdue University, West Lafayette, IN (Doctoral dissertation). 
Bliss, R.M. (2011). Fully Cooked Emergency Aid Food. Agriculture Research. Retrieved from 
http://search.proquest.com/docview/886457145/fulltextPDF/343970EAD64655PQ/1?acc
ountid=14739 
Bordoloi, R., & Ganguly, S. (2014). Extrusion technique in food processing and a review on its 
various technological parameters. Indian Journal of Scientific Research and Technology, 
2(1), 1-3. 
Bos, M. A., & van Vliet, T. (2001). Interfacial rheological properties of adsorbed protein layers 
and surfactants: A review. Advances in Colloid and Interface Science, 91(3), 437–471. 
Boye, J., Zare, F., & Pletch, A. (2010). Pulse proteins: Processing, characterization, functional 
properties and applications in food and feed. Food Research International, 43(2), 414-431. 
Boyer, C. D., & Shannon, J. C. (1987). Carbohydrates of the kernel In: Corn Chemistry and 
Technology. (pp. 253-268). AACC, Washington, D.C.  
Brennan, M. A., Derbyshire, E., Tiwari, B. K., & Brennan, C. S. (2013). Ready-to-eat snack 
products: the role of extrusion technology in developing consumer acceptable and 
nutritious snacks. International Journal of Food Science & Technology, 48(5), 893-902. 
Brnčić, M., Tripalo, B., Jeżek, D., Semenski, D., Drvar, N., & Ukrainczyk, M. (2006). Effect of 
twin-screw extrusion parameters on mechanical hardness of direct-expanded extrudates. 
Sadhana, 31(5), 527-536. 
Brosnan, J. T., & Brosnan, M. E. (2006). The sulfur-containing amino acids: an overview. The 
Journal of Nutrition, 136(6), 1636S-1640S. 
Bueno, A. S., Pereira, C. M., Menegassi, B., Arêas, J. A. G., & Castro, I. A. (2009). Effect of 
extrusion on the emulsifying properties of soybean proteins and pectin mixtures modelled 
by response surface methodology. Journal of Food Engineering, 90(4), 504-510. 
 102 
 
Buléon, A., Colonna, P., Planchot, V., & Ball, S. (1998). Starch granules: structure and 
biosynthesis. International Journal of Biological Macromolecules, 23(2), 85-112. 
Butler, L. G., Riedl, D. J., Lebryk, D. G., & Blytt, H. J. (1984). Interaction of proteins with 
sorghum tannin: mechanism, specificity and significance. Journal of the American Oil 
Chemists' Society, 61(5), 916-920. 
Byars, J. A., & Singh, M. (2016). Rheological and textural properties of pulse starch gels. Starch‐
Stärke, 68(7-8), 778-784. 
Camire, M. E. (1991). Protein functionality modification by extrusion cooking. Journal of the 
American Oil Chemists’ Society, 68(3), 200-205. 
Camire, M. E., Camire, A., & Krumhar, K. (1990). Chemical and nutritional changes in foods 
during extrusion. Critical Reviews in Food Science and Nutrition, 29(1), 35–57. 
Carbonaro, M., Cappelloni, M., Nicoli, S., Lucarini, M., & Carnovale, E. (1997). Solubility− 
digestibility relationship of legume proteins. Journal of Agricultural and Food Chemistry, 
45(9), 3387-3394. 
Chaiyakul, S., Jangchud, K., Jangchud, A., Wuttijumnong, P., & Winger, R. (2009). Effect of 
extrusion conditions on physical and chemical properties of high protein glutinous rice-
based snack. LWT-Food Science and Technology, 42(3), 781-787. 
Chakraborty, S. K., Singh, D. S., Kumbhar, B. K., & Chakraborty, S. (2011). Millet–legume 
blended extrudates characteristics and process optimization using RSM. Food and 
Bioproducts Processing, 89(4), 492-499. 
Champagne, E. T., Bett‐Garber, K. L., Grimm, C. C., & McClung, A. M. (2007). Effects of organic 
fertility management on physicochemical properties and sensory quality of diverse rice 
cultivars. Cereal Chemistry, 84(4), 320-327. 
Chapman, D. (1969). Physical studies of lipid‐lipid and lipid‐protein interactions. Lipids, 4(4), 
251-260. 
Cheftel, J.C. (1986). Nutritional effects of extrusion cooking. Food Chemistry, 20(4), 263–283.  
Chen, L., Chen, J., Ren, J., & Zhao, M. (2011). Modifications of soy protein isolates using 
combined extrusion pre-treatment and controlled enzymatic hydrolysis for improved 
emulsifying properties. Food Hydrocolloids, 25(5), 887-897. 
 103 
 
Chibbar, R. N., Ambigaipalan, P., & Hoover, R. (2010). Molecular diversity in pulse seed starch 
and complex carbohydrates and its role in human nutrition and health. Cereal Chemistry, 
87(4), 342-352. 
Chinnaswamy, R., & Hanna, M. A. (1988a). Optimum extrusion‐cooking conditions for maximum 
expansion of corn starch. Journal of Food Science, 53(3), 834-836. 
Chinnaswamy, R., and Hanna, M. A. (1988b). Relation between amylose content and extrusion-
expansion properties of corn starches. Cereal Chemistry. 65(2):138-143. 
Clemente, A., Sánchez-Vioque, R., Vioque, J., Bautista, J., & Millán, F. (1998). Effect of cooking 
on protein quality of chickpea (Cicer arietinum) seeds. Food Chemistry, 62(1), 1-6. 
Clinton, H. R. (2009). Remarks at the Clinton Global Initiative Closing Plenary. Sheraton Hotel 
and Towers, New York, NY. 
Colonna, P., & Buléon, A. (1992). New insights on starch structure and properties. In 9. 
International cereal and bread congress. Paris (France). 1-5 Jun 1992. INRA. 
Colonna, P., Tayeb, J. & Mercier., C. (1989). Extrusion cooking of starch and starchy products. 
In: Mercier, C. P. Linko & Harper J.M. Eds., Extrusion Cooking. (pp. 247–319). St. Paul, 
MN. 
Connelly, R. K., & Kokini, J. L. (2007). Examination of the mixing ability of single and twin-
screw mixers using 2D finite element method simulation with particle tracking. Journal of 
Food Engineering, 79(3), 956-969. 
Corke, H., Wu, H., Yue, S., & Sun, H. (1997). Developing specialty starches from new crops. In 
Cereals (pp. 91-102). Springer, Boston, MA. 
Crosbie, G. B., & Ross, A. S. (2007). RVA handbook. AACC International. 
Dahl, S. R., & Villota, R. (1991). Twin‐screw extrusion texturization of acid and alkali denatured 
soy proteins. Journal of Food Science, 56(4), 1002-1007. 
Dahlin, K., & Lorenz, K. (1993). Nitrogen solubility of extruded cereal grains. LWT-Food Science 
and Technology, 26(1), 49-53. 
Damodaran, S. (2005). Protein stabilization of emulsions and foams. Journal of Food Science, 
70(3), R54-R66. 
Damodaran, S., 1996. Amino acids, peptides and proteins. In: Fennema, O.R., Ed., Food 
Chemistry, (pp. 414–415). Marcel Dekker, New York. 
 104 
 
David, C. (2012, May 18). G8 Watch 2012. Canada supports Alliance. Retrieved from 
http://www.who.int/pmnch/media/news/2012/20120416_g8watch_2012/en/index4.html 
Davidson, V. J., Paton, D., Diosady, L. L., & Rubin, L. J. (1984). A model for mechanical 
degradation of wheat starch in a single‐screw extruder. Journal of Food Science, 49(4), 
1154-1157. 
Day, L., & Swanson, B. G. (2013). Functionality of protein‐fortified extrudates. Comprehensive 
Reviews in Food Science and Food Safety, 12(5), 546-564. 
De Bragança, R. M., & Fowler, P. (2004). Industrial markets for starch. The BioComposites 
Centre, University of Wales, Bangor, Gwynedd, LL572UW. 
De Kruif, C. G., & Tuinier, R. (2001). Polysaccharide protein interactions. Food Hydrocolloids, 
15(4-6), 555-563. 
De Lumen, B. O., Becker, R., & Reyes, P. S. (1986). Legumes and a cereal with high 
methionine/cysteine contents. Journal of Agricultural and Food Chemistry, 34(2), 361-
364. 
De Mesa, N. J. E., Alavi, S., Singh, N., Shi, Y. C., Dogan, H., & Sang, Y. (2009). Soy protein-
fortified expanded extrudates: Baseline study using normal corn starch. Journal of Food 
Engineering, 90(2), 262-270. 
De Pilli, T., Derossi, A., Talja, R. A., Jouppila, K., & Severini, C. (2012). Starch–lipid complex 
formation during extrusion-cooking of model system (rice starch and oleic acid) and real 
food (rice starch and pistachio nut flour). European Food Research and Technology, 
234(3), 517-525. 
Deiana, A., Shimizu, K., & Giansanti, A. (2010). Amino acid composition and thermal stability of 
protein structures: the free energy geography of the Protein Data Bank. arXiv preprint 
arXiv:1012.5916. 
Deshpande, H. W., & Poshadri, A. (2011). Physical and sensory characteristics of extruded snacks 
prepared from Foxtail millet based composite flours. International Food Research Journal, 
18(2). 
Ding, Q. B., Ainsworth, P., Plunkett, A., Tucker, G., & Marson, H. (2006). The effect of extrusion 
conditions on the functional and physical properties of wheat-based expanded snacks. 
Journal of Food Engineering, 73(2), 142-148. 
 105 
 
Ding, Q. B., Ainsworth, P., Tucker, G., & Marson, H. (2005). The effect of extrusion conditions 
on the physicochemical properties and sensory characteristics of rice-based expanded 
snacks. Journal of Food Engineering, 66(3), 283-289. 
Doğan, H., & Karwe, M. V. (2003). Physicochemical properties of quinoa extrudates. Food 
Science and Technology International, 9(2), 101-114. 
Donovan, J. W. (1979). Phase transitions of the starch–water system. Biopolymers: Original 
Research on Biomolecules, 18(2), 263-275. 
Du, H., Wang, Z., Yu, W., & Huang, B. (2012). Metabolic responses of hybrid bermudagrass to 
short-term and long-term drought stress. Journal of the American Society for Horticultural 
Science, 137(6), 411-420. 
Eggum, B. O. (1973). Study of certain factors influencing protein utilization in rats and pigs. 
Elbaloula, M. F., Yang, R., Guo, Q., & Gu, Z. (2014). Major nutrient compositions and functional 
properties of sorghum flour at 0–3 days of grain germination. International Journal of 
Food Sciences and Nutrition, 65(1), 48-52. 
El-Hady, E. A., & Habiba, R. A. (2003). Effect of soaking and extrusion conditions on antinutrients 
and protein digestibility of legume seeds. LWT-Food Science and Technology, 36(3), 285-
293. 
Eliasson A-C, Gudmundsson M (1996) Starch: physicochemical and functional aspects. In: 
Eliasson A-C Ed., Carbohydrates in Food. (pp 431–503). Marcel Dekker, Inc, New York.  
Evans, M., Ratcliffe, I., & Williams, P. A. (2013). Emulsion stabilisation using polysaccharide–
protein complexes. Current Opinion in Colloid & Interface Science, 18(4), 272-282. 
Fang, Q., Hanna, M., & Lan, Y. (2003). Extrusion system components. In: Heldman D. R. Ed., 
Encyclopedia of Agricultural, Food, and Biological Engineering, (pp. 301-305). CRC 
Press. 
Fang, Y., Zhang, B., & Wei, Y. (2014). Effects of the specific mechanical energy on the 
physicochemical properties of texturized soy protein during high-moisture extrusion 
cooking. Journal of Food Engineering, 121, 32-38. 
FAO. (1994). Definition and classification of commodities: Pulses and derived products. Retrieved 
from http://www.fao.org/es/faodef/fdef04e.htm. 
FAO. (2013). The state of food insecurity in the world: the multiple dimensions of food security. 
Retrieved from: http://www.fao.org/docrep/018/i3434e/i3434e.pdf 
 106 
 
Fapojuwo, O. O., Maga, J. A., & Jansen, G. R. (1987). Effect of extrusion cooking on in vitro 
protein digestibility of sorghum. Journal of Food Science, 52(1), 218-219. 
Faubion, J. M., & Hoseney, R. C. (1982). High-temperature short-time extrusion cooking of wheat 
starch and flour. I. Effect of moisture and flour type on extrudate properties. Cereal 
Chemistry, 59, 529-533 
Fernández-López, J., Sendra-Nadal, E., Navarro, C., Sayas, E., Viuda-Martos, M., & Alvarez, J. 
A. P. (2009). Storage stability of a high dietary fibre powder from orange by‐products. 
International Journal of Food Science & Technology, 44(4), 748-756. 
Ferreira, M., Behringer, R., & Jost, R. (1995). Instrumental method for characterizing protein 
foams. Journal of Food Science, 60(1), 90-93. 
Filli, K. B., Nkama, I., & Jideani, V. A. (2013). The effect of extrusion conditions on the physical 
and functional properties of millet–bambara groundnut based fura. American Journal of 
Food Science and Technology, 1(4), 87-101. 
Fleige, L. E., Moore, W. R., Garlick, P. J., Murphy, S. P., Turner, E. H., Dunn, M. L., ... & 
Schaefer, S. E. (2010). Recommendations for optimization of fortified and blended food 
aid products from the United States. Nutrition Reviews, 68(5), 290-315. 
Fletcher, S. I., Richmond, P., & Smith, A. C. (1985). An experimental study of twin-screw 
extrusion-cooking of maize grits. Journal of Food Engineering, 4(4), 291-312. 
Fontana, A., de Laureto, P. P., De Filippis, V., Scaramella, E., & Zambonin, M. (1997). Probing 
the partly folded states of proteins by limited proteolysis. Folding and Design, 2(2), R17-
R26. 
Fouques, D., Ralet, M. C., Chardot, T., & Meunier, J. C. (1998). Enzymatic phosphorylation of 
seed globulins: comparison between pea and soybean. In Plant Proteins from European 
Crops (pp. 162-166). Springer Berlin Heidelberg. 
Galili, G., Amir, R., Hoefgen, R., & Hesse, H. (2005). Improving the levels of essential amino 
acids and sulfur metabolites in plants. Biological Chemistry, 386(9), 817-831. 
Gearhart, C., & Rosentrater, K. A. (2014). Extrusion processing of amaranth and quinoa. In 2014 
Montreal, Quebec Canada July 13–July 16, 2014 (p. 1). American Society of Agricultural 
and Biological Engineers. 
 107 
 
Geetha, R., Mishra, H. N., & Srivastav, P. P. (2014). Twin screw extrusion of kodo millet-chickpea 
blend: process parameter optimization, physico-chemical and functional properties. 
Journal of Food Science and Technology, 51(11), 3144-3153. 
Ghosh, S., Suri, D., & Uauy, R. (2012). Assessment of protein adequacy in developing countries: 
quality matters. British Journal of Nutrition, 108(S2), S77-S87. 
Giuberti, G., Gallo, A., & Masoero, F. (2011). A comparison of methods to quantify prolamin 
contents in cereals. Italian Journal of Animal Science, 10(1), e2. 
Godavarti, S., & Karwe, M. V. (1997). Determination of specific mechanical energy distribution 
on a twin-screw extruder. Journal of Agricultural Engineering Research, 67(4), 277-287. 
Godfray, H. C. J., Beddington, J. R., Crute, I. R., Haddad, L., Lawrence, D., Muir, J. F., ... & 
Toulmin, C. (2010). Food security: the challenge of feeding 9 billion people. Science, 
327(5967), 812-818. 
Goldberg, G. (2008). In: Goldberg, G. Ed., Plants: Diet and health. (pp. 135). John Wiley & Sons, 
Hoboken, NJ. 
Gomez, M. H., & Aguilera, J. M. (1983). Changes in the starch fraction during extrusion‐cooking 
of corn. Journal of Food Science, 48(2), 378-381. 
Gomez, M. H., & Aguilera, J. M. (1984). A physicochemical model for extrusion of corn starch. 
Journal of Food Science, 49(1), 40-43. 
Gordon, W. A., Hempenius, W. L., & Kirkwood, J. R. (1986). U.S. Patent No. 4,620,981. 
Washington, DC: U.S. Patent and Trademark Office. 
Griess, J. K., Mason, S. C., Jackson, D. S., Galusha, T. D., Pedersen, J. F., & Yaseen, M. (2011). 
Environment and hybrid influences on rapid-visco-analysis flour properties of food-grade 
grain sorghum. Crop Science, 51(4), 1757-1766. 
Gropper, M., Moraru, C. I., & Kokini, J. L. (2002). Effect of specific mechanical energy on 
properties of extruded protein‐starch mixtures. Cereal Chemistry, 79(3), 429-433. 
Grover, Z., & Ee, L. C. (2009). Protein energy malnutrition. Pediatric Clinics, 56(5), 1055-1068. 
Guillon, F., & Champ, M. J. (2002). Carbohydrate fractions of legumes: uses in human nutrition 
and potential for health. British Journal of Nutrition, 88(S3), 293-306. 
Gujska, E., & Khan, K. (1990). Effect of temperature on properties of extrudates from high starch 
fractions of navy, pinto and garbanzo beans. Journal of Food Science, 55(2), 466-469. 
 108 
 
Gujska, E., & Khan, K. (1991). Functional properties of extrudates from high starch fractions of 
navy and pinto beans and corn meal blended with legume high protein fractions. Journal 
of Food Science, 56(2), 431-435. 
Gumus, C. E., Decker, E. A., & McClements, D. J. (2017). Formation and stability of ω-3 oil 
emulsion-based delivery systems using plant proteins as emulsifiers: Lentil, pea, and faba 
bean proteins. Food Biophysics, 12(2), 186-197. 
Gunaratne, A., & Corke, H. (2004). Starch, Analysis of Quality. In Wrigley. C., Corke. H., and 
Seetharaman. K., Faubion. J. Eds. Encyclopedia of Grain Scienc. (pp. 202-212). Academic 
Press. 
Guy, R. (2001). Baby foods. In: Guy, R. Ed., Extrusion cooking: technologies and applications. 
(pp. 182-199). Woodhead publishing, Cambridge, UK. 
Guy, R. (2001). Snack foods. In: Guy, R. Ed., Extrusion cooking: technologies and applications. 
(pp. 161-181). Woodhead publishing, Cambridge, UK. 
Hagenimana, A., Ding, X., & Fang, T. (2006). Evaluation of rice flour modified by extrusion 
cooking. Journal of Cereal Science, 43(1), 38-46. 
Harper, J. M. (1986). Extrusion texturization of foods. Food Technology, 40(3), 70. 
Harper, J. M. (1988). Effects of extrusion processing on nutrients. In Nutritional Evaluation of 
Food Processing (pp. 365-391). Springer, Dordrecht. 
Harper, J. M. (1989). Food extruders and their applications. In Extrusion cooking, (pp. 1-15). 
AACC, St. Paul, MN. 
He, M., van Dam, R. M., Rimm, E., Hu, F. B., & Qi, L. (2010). Whole-grain, cereal fiber, bran, 
and germ intake and the risks of all-cause and cardiovascular disease–specific mortality 
among women with type 2 diabetes mellitus. Circulation, 121(20), 2162-2168. 
Health Canada. (1981). Determination of Protein Rating FO-1. Retrieved from http://www.hc-
sc.gc.ca/fn-an/alt_formats/hpfb-dgpsa/pdf/res-rech/fo-1-eng.pdf 
Higgs, K., & Boland, M. J. (2014). Changes in milk proteins during storage of dry powders. 
In: Milk Proteins 2nd Ed. (pp. 343-357). Academic Press, Cambridge, MA.  
Hizukuri S (1996) Starch: analytical aspects. In: Eliasson, A. C. Ed., Carbohydrates in Food. (pp. 
347–430). Marcel Dekker, Inc, New York.  
 109 
 
Hizukuri, S., Kaneko, T., & Takeda, Y. (1983). Measurement of the chain length of amylopectin 
and its relevance to the origin of crystalline polymorphism of starch granules. Biochimica 
et Biophysica Acta (BBA)-General Subjects, 760(1), 188-191. 
Holay, S. H., & Harper, J. M. (1982). Influence of the extrusion shear environment on plant protein 
texturization. Journal of Food Science, 47(6), 1869-1874. 
Hood-Niefer, S. D., & Tyler, R. T. (2010). Effect of protein, moisture content and barrel 
temperature on the physicochemical characteristics of pea flour extrudates. Food Research 
International, 43(2), 659-663. 
Hoover, R., Hughes, T., Chung, H. J., & Liu, Q. (2010). Composition, molecular structure, 
properties, and modification of pulse starches: A review. Food Research International, 
43(2), 399-413. 
Hoppe, C., Andersen, G. S., Jacobsen, S., Mølgaard, C., Friis, H., Sangild, P. T., & Michaelsen, 
K. F. (2008). The use of whey or skimmed milk powder in fortified blended foods for 
vulnerable groups. The Journal of Nutrition, 138(1), 145S-161S. 
Hsu, H. W., Vavak, D. L., Satterlee, L. D., & Miller, G. A. (1977). A multienzyme technique for 
estimating protein digestibility. Journal of Food Science, 42(5), 1269-1273. 
Hu, L. (1994). Food emulsifier effects on corn meal extrusion with dietary fiber. Department of 
Agricultural Engineering, University of Missouri, Columbia (Doctoral dissertation). 
Huang, Y. L., & Ma, Y. S. (2016). The effect of extrusion processing on the physiochemical 
properties of extruded orange pomace. Food Chemistry, 192, 363-369. 
Huber, G. R. (2000). Twin-screw extruders. In: Riaz, M. N. Ed., Extruders in Food Applications, 
(pp. 81-114). CRC Press, Boca Raton, FL. 
Hussain, S. Z., & Singh, B. (2013). Effect of extrusion conditions on pasting behavior and 
microstructure of refabricated rice: A response surface analysis. Cereal Chemistry, 90(5), 
480-489. 
Ilo, S., Tomschik, U., Berghofer, E., & Mundigler, N. (1996). The effect of extrusion operating 
conditions on the apparent viscosity and the properties of extrudates in twin-screw 
extrusion cooking of maize grits. LWT-Food Science and Technology, 29(7), 593-598. 
Iwe, M. O., Van Zuilichem, D. J., Ngoddy, P. O., & Lammers, W. (2001). Amino acid and protein 
dispersibility index (PDI) of mixtures of extruded soy and sweet potato flours. LWT-Food 
Science and Technology, 34(2), 71-75. 
 110 
 
Iwe, M. O., Zuilichem, D. V., & Ngoddy, P. O. (2001). Extrusion cooking of blends of soy flour 
and sweet potato flour on specific mechanical energy (SME), extrudate temperature and 
torque. Journal of Food Processing and Preservation, 25(4), 251-266. 
Iwe, M.O., Van zuilichem, D.J., Ngoddy, P.O., Lammers, W. & Stolp, W. (2004). Effect of 
extrusion cooking of soy–sweet potato mixtures on available lysine content and browning 
index of extrudates. Journal of Food Engineering, 62(2), 143–150. 
Izzo, M. T., & Ho, C. T. (1989). Protein-lipid interaction during single-screw extrusion of zein and 
corn oil. Cereal Chemistry, 66(1), 47-51. 
Jacobs Jr, D. R., Marquart, L., Slavin, J., & Kushi, L. H. (1998). Whole‐grain intake and cancer: 
An expanded review and meta‐analysis. Nutrition and Cancer, 30(2), 85-96. 
Jafari, M., Koocheki, A., & Milani, E. (2018). Physicochemical and sensory properties of extruded 
sorghum–wheat composite bread. Journal of Food Measurement and Characterization, 
12(1), 370-377. 
Jamilah, B., Mohamed, A., Abbas, K. A., Rahman, R. A., Karim, R., & Hashim, D. M. (2009). 
Protein-starch interaction and their effect on thermal and rheological characteristics of a 
food system: A review. Journal of Food, Agriculture & Environment, 7(2), 169-174. 
Jane, J. L., Chen, Y. Y., Lee, L. F., McPherson, A. E., Wong, K. S., Radosavljevic, M., & 
Kasemsuwan, T. (1999). Effects of amylopectin branch chain length and amylose content 
on the gelatinization and pasting properties of starch. Cereal Chemistry, 76(5), 629-637. 
Järvan, M., Edesi, L., & Adamson, A. (2012). The content and quality of protein in winter wheat 
grains depending on sulphur fertilization. Acta Agriculturae Scandinavica, Section B–Soil 
and Plant Science, 62(7), 627-636. 
Jenkins, D. J., Kendall, C. W., Augustin, L. S., Mitchell, S., Sahye-Pudaruth, S., Mejia, S. B., ... 
& Vidgen, E. (2012). Effect of legumes as part of a low glycemic index diet on glycemic 
control and cardiovascular risk factors in type 2 diabetes mellitus: a randomized controlled 
trial. Archives of Internal Medicine, 172(21), 1653-1660. 
Jin, Z., Hsieh, F., & Huff, H. E. (1994). Extrusion cooking of corn meal with soy fiber, salt, and 
sugar. Cereal Chemistry, 71(3), 227-233. 
Jones, D., Chinnaswamy, R., Tan, Y., & Hanna, M. (2000). Physiochemical properties of ready-
to-eat breakfast cereals. Cereal Foods World, 45(4), 164-168. 
 111 
 
Joshi, V., Joung, J. G., Fei, Z., & Jander, G. (2010). Interdependence of threonine, methionine and 
isoleucine metabolism in plants: accumulation and transcriptional regulation under abiotic 
stress. Amino acids, 39(4), 933-947. 
Juhász, R., Gergely, S., Gelencsér, T., & Salgó, A. (2005). Relationship between NIR spectra and 
RVA parameters during wheat germination. Cereal Chemistry, 82(5), 488-493. 
Kaletunc, G. O. N. U. L., & Breslauer, K. J. (1993). Glass transitions of extrudates: relationship 
with processing-induced fragmentation and end-product attributes. Cereal Chemistry, 70, 
548-548. 
Karaca, A. C., Low, N., & Nickerson, M. (2011). Emulsifying properties of chickpea, faba bean, 
lentil and pea proteins produced by isoelectric precipitation and salt extraction. Food 
Research International, 44(9), 2742-2750. 
Kasprzak, M. M., Macnaughtan, W., Harding, S., Wilde, P., & Wolf, B. (2018). Stabilisation of 
oil-in-water emulsions with non-chemical modified gelatinised starch. Food 
Hydrocolloids, 81, 409-418. 
Kato, A., Sasaki, Y., Furuta, R., & Kobayashi, K. (1990). Functional protein-polysaccharide 
conjugate prepared by controlled dry-heating of ovalbumin-dextran mixtures. Agricultural 
and Biological Chemistry, 54(1), 107-112. 
Kaur, A., Singh, N., Ezekiel, R., & Guraya, H. S. (2007). Physicochemical, thermal and pasting 
properties of starches separated from different potato cultivars grown at different locations. 
Food Chemistry, 101(2), 643-651. 
Kaur, M., & Singh, N. (2005). Studies on functional, thermal and pasting properties of flours from 
different chickpea (Cicer arietinum L.) cultivars. Food Chemistry, 91(3), 403-411. 
Kazemzadeh, M. (2011). Introduction to extrusion technology. In: Maskan, M. & Altan, A. Ed. 
Advances in Food Extrusion Technology (pp. 1-22). CRC Press, Boca Raton, FL. 
Kesarwani, A., Chiang, P. Y., & Chen, S. S. (2016). Rapid visco analyzer measurements of 
japonica rice cultivars to study interrelationship between pasting properties and farming 
system. International Journal of Agronomy, 2016, 1-6. 
Killeit, U. (1994). Vitamin retention in extrusion cooking. Food Chemistry, 49(2), 149–155. 
Killeit, U., & Wiedmann, W. M. (1984). Influence of extrusion cooking on the stability of B-
vitamins. Getreide Mehl und Brot (Germany, FR). 
 112 
 
Klarenbeek, G. (1984). Effects of various heat treatments on structure and solubility of whey 
proteins. Journal of Dairy Science, 67(11), 2701-2710. 
Koehler, P., & Wieser, H. (2013). Chemistry of cereal grains. In: Gobbetti, M. &  Gänzle, M. Ed. 
Handbook on Sourdough Biotechnology (pp. 11-45). Springer, Boston, MA. 
Köksel, H., Ryu, G. H., Basman, A., Demiralp, H., & Ng, P. K. (2004). Effects of extrusion 
variables on the properties of waxy hulless barley extrudates. Molecular Nutrition and 
Food Research, 48(1), 19-24. 
Kugimiya, M., Donovan, J. W., & Wong, R. Y. (1980). Phase transitions of amylose‐lipid 
complexes in starches: A calorimetric study. Starch‐Stärke, 32(8), 265-270. 
Kumagai, H., Byeong-Heon, L. E. E., & Toshimasa, Y. A. N. O. (1987). Flour treatment to 
improve the quality of extrusion-cooked rice-flour products. Agricultural and Biological 
Chemistry, 51(8), 2067-2071. 
Kumar, A., Ganjyal, G. M., Jones, D. D., & Hanna, M. A. (2008). Modeling residence time 
distribution in a twin-screw extruder as a series of ideal steady-state flow reactors. Journal 
of Food Engineering, 84(3), 441-448. 
Kumar, N., Sarkar, B. C., & Sharma, H. K. (2010). Development and characterization of extruded 
product using carrot pomace and rice flour. International Journal of Food Engineering, 
6(3). 
Kvamme, J. (2005). Pet Food Industry Newsletter. Watt Publications 5(15). 
Lam, M., Paulsen, P., & Corredig, M. (2008). Interactions of soy protein fractions with 
highmethoxyl pectin. Journal of Agricultural and Food Chemistry, 56(12), 4726–4735. 
Lam, R. S., & Nickerson, M. T. (2013). Food proteins: a review on their emulsifying properties 
using a structure–function approach. Food Chemistry, 141(2), 975-984. 
Lanner, D. A., Hsieh, Y. P. C., Zimmerman, S. P., Teras, L. M., Jones, C. E., Herring, J. R., ... & 
Fiteny, M. J. (2003). U.S. Patent No. 6,572,910. Washington, DC: U.S. Patent and 
Trademark Office. 
Lawton, B. T., Henderson, G. A., & Derlatka, E. J. (1972). The effects of extruder variables on the 
gelatinisation of corn starch. The Canadian Journal of Chemical Engineering, 50(2), 168-
172. 
Lazou, A., & Krokida, M. (2010). Structural and textural characterization of corn–lentil extruded 
snacks. Journal of Food Engineering, 100(3), 392-408. 
 113 
 
Lebiedzińska, A., & Szefer, P. (2006). Vitamins B in grain and cereal–grain food, soy-products 
and seeds. Food Chemistry, 95(1), 116-122. 
Lee, P. E., & Choo, W. S. (2015). Characterization of flaxseed oil emulsions. Journal of Food 
Science and Technology, 52(7), 4378-4386. 
Li, M., & Lee, T. C. (1996). Effect of cysteine on the functional properties and microstructures of 
wheat flour extrudates. Journal of Agricultural and Food Chemistry, 44(7), 1871-1880. 
Li, S., Zhang, Y., Wei, Y., Zhang, W., & Zhang, B. (2014). Thermal, pasting and gel textural 
properties of commercial starches from different botanical sources. Journal of 
Bioprocessing and Biotechniques, 4(4), 1. 
Lin, J. K., & Armstrong, D. J. (1990). Process variables affecting residence time distributions of 
cereals in an intermeshing, counter rotating twin screw extruder. Transaction of the ASAE, 
33(6), 1971-1978. 
Lin, S., Hsieh, F., & Huff, H. E. (1997). Effects of lipids and processing conditions on degree of 
starch gelatinization of extruded dry pet food. LWT-Food Science and Technology, 30(7), 
754-761. 
Liu, S. P., Nie, X. T., Dai, Q. G., Huo, Z. Y., & Ke, X. U. (2007). Effect of interplanting with zero 
tillage and straw manure on rice growth and rice quality. Rice Science, 14(3), 204-210. 
Liu, S., Low, N. H., & Nickerson, M. T. (2009). Effect of pH, salt, and biopolymer ratio on the 
formation of pea protein isolate-gum Arabic complexes. Journal of Agricultural and Food 
Chemistry, 57(4), 1521–1526. 
Liu, Y., Hsieh, F., Heymann, H., & Huff, H. E. (2000). Effect of Process Conditions on the 
Physical and Sensory Properties of Extruded Oat‐Corn Puff. Journal of Food Science, 
65(7), 1253-1259. 
Lomakina, K., & Mikova, K. (2006). A study of the factors affecting the foaming properties of 
egg white–a review. Czech Journal of Food Sciences, 24(3), 110-118. 
Lovegrove, A., Edwards, C. H., De Noni, I., Patel, H., El, S. N., Grassby, T., ... & Ellis, P. R. 
(2017). Role of polysaccharides in food, digestion, and health. Critical Reviews in Food 
Science and Nutrition, 57(2), 237-253. 
Lue, S., Hsieh, F., & Huff, H. E. (1991). Effects on Expansion Properties, Starch Gelatinization, 
and Dietary Fiber Content'. Cereal Chemistry, 68(3), 227-234. 
 114 
 
Manitoba Agriculture. (2018). Retrieved from http://www.gov.mb.ca/agriculture/crops/crop-
management/lentils.html#fertilizer. 
Manoi, K., & Rizvi, S. S. (2009). Emulsification mechanisms and characterizations of cold, gel-
like emulsions produced from texturized whey protein concentrate. Food Hydrocolloids, 
23(7), 1837-1847. 
Marchione, T. J. (2002). Foods provided through US Government Emergency Food Aid Programs: 
policies and customs governing their formulation, selection and distribution. The Journal 
of Nutrition, 132(7), 2104S-2111S. 
Marinangeli, C. P., Foisy, S., Shoveller, A. K., Porter, C., Musa-Veloso, K., Sievenpiper, J. L., & 
Jenkins, D. J. (2017). An Appetite for Modernizing the Regulatory Framework for Protein 
Content Claims in Canada. Nutrients, 9(9), 921. 
Marquardt, R. R., Campbell, L. D., Stothers, S. C., & McKirdy, J. A. (1974). Growth responses of 
chicks and rats fed diets containing four cultivars of raw or autoclaved faba beans. 
Canadian Journal of Animal Science, 54(2), 177-182. 
Martínez, K. D., Baeza, R. I., Millan, F., & Pilosof, A. M. R. (2005). Effect of limited hydrolysis 
of sunflower protein on the interactions with polysaccharides in foams. Food 
Hydrocolloids, 19(3), 361-369. 
Martínez, K. D., Sanchez, C. C., Ruíz-Henestrosa, V. P., Patino, J. M. R., & Pilosof, A. M. (2007). 
Effect of limited hydrolysis of soy protein on the interactions with polysaccharides at the 
air–water interface. Food Hydrocolloids, 21(5-6), 813-822. 
Martínez, M. M., Rosell, C. M., & Gómez, M. (2014). Modification of wheat flour functionality 
and digestibility through different extrusion conditions. Journal of Food Engineering, 143, 
74-79. 
Mason, W.R., 2009. Starch use in foods. In: BeMiller, J., Whistler, R. Eds., Starch. Chemistry and 
Technology. (pp. 745–795). Academic Press, New York, USA  
Matthey, F. P., & Hanna, M. A. (1997). Physical and functional properties of twin-screw extruded 
whey protein concentrate–corn starch blends. LWT-Food Science and Technology, 30(4), 
359-366. 
McKevith, B. (2004). Nutritional aspects of cereals. Nutrition Bulletin, 29(2), 111-142. 
Mehta, H. (2016). Development of extruded corn-based snack food product incorporating minced 
chicken meat. Punjab Agricultural University, Ludhiana (Doctoral dissertation). 
 115 
 
Meng, X., Threinen, D., Hansen, M., & Driedger, D. (2010). Effects of extrusion conditions on 
system parameters and physical properties of a chickpea flour-based snack. Food Research 
International, 43(2), 650-658. 
Meuser, F., Pfaller, W., & Lengerich, B. V. (1987). Technological aspects regarding specific 
changes to the characteristic properties of extrudates by HTST-extrusion cooking. In: 
O'Connor, C. Ed., Extrusion Technology for the Food Industry. Elsevier Applied Science, 
London, UK. 
Meybodi, N. M., Mohammadifar, M. A., & Naseri, A. R. (2014). Effective factors on the stability 
of oil-in-water emulsion-based beverage: A Review. Journal of Food Quality and Hazards 
Control, 1(3), 67-71. 
Michaelsen, K. F., Hoppe, C., Roos, N., Kaestel, P., Stougaard, M., Lauritzen, L., ... & Friis, H. 
(2009). Choice of foods and ingredients for moderately malnourished children 6 months to 
5 years of age. Food and Nutrition Bulletin, 30(3_suppl3), S343-S404. 
Middleman, S. (1977). Fundamentals of Polymer Processing. New York: McGraw-Hill BookCo. 
Milán-Carrillo, J., Reyes‐Moreno, C., Camacho‐Hernández, I. L., & Rouzaud‐Sandez, O. (2002). 
Optimisation of extrusion process to transform hardened chickpeas (Cicer arietinum L) 
into a useful product. Journal of the Science of Food and Agriculture, 82(14), 1718-1728. 
Miles, M. J., Morris, V. J., Orford, P. D., & Ring, S. G. (1985). The roles of amylose and 
amylopectin in the gelation and retrogradation of starch. Carbohydrate Research, 135(2), 
271-281. 
Miller, R. C. (1985). Low moisture extrusion: Effects of cooking moisture on product 
characteristics. Journal of Food Science, 50(1), 249-253. 
Mirmoghtadaie, L., Aliabadi, S. S., & Hosseini, S. M. (2016). Recent approaches in physical 
modification of protein functionality. Food Chemistry, 199, 619-627. 
Mitchell, J. R., & Areas, J. A. G. (1992). Structural changes in biopolymers during extrusion. In: 
Kokini, J. L., Ho, C-T., Karwe, M. V. Eds., Food Extrusion Science and Technology, (pp. 
345-360). Marcel Dekker, New York, NY.  
Mitrus, M., Wójtowicz, A., Oniszczuk, T., Gondek, E., & Mościcki, L. (2017). Effect of processing 
conditions on microstructure and pasting properties of extrusion-cooked starches. 
International Journal of Food Engineering, 13(6). 
 116 
 
Mokrane, H., Amoura, H., Belhaneche-Bensemra, N., Courtin, C. M., Delcour, J. A., & Nadjemi, 
B. (2010). Assessment of Algerian sorghum protein quality [Sorghum bicolor (L.) 
Moench] using amino acid analysis and in vitro pepsin digestibility. Food Chemistry, 
121(3), 719-723. 
Moorthy, S. N. (2004). Tropical sources of starch. In: Eliasson, A-C. Ed., Starch in Food, 
Structure, Function and Applications (pp 321-359). CRC Press, Boca Raton, FL. 
Moraes, É. A., Queiroz, V. A. V., Shaffert, R. E., Costa, N. M. B., Nelson, J. D., Ribeiro, S. M. 
R., & Martino, H. S. D. (2012). In vivo protein quality of new sorghum genotypes for 
human consumption. Food Chemistry, 134(3), 1549-1555. 
Morris, V. J. (1990). Starch gelation and retrogradation. Trends in Food Science and Technology, 
1, 2-6. 
Morris, V.J. (1991). Weak and strong polysaccharide gels. In: Dickinson, E. Ed., Food Polymers, 
Gels and Colloids. (pp. 310-339). Royal Society of Chemistry, Cambridge, UK. 
Moscicki, L. (Ed.). (2011). Extrusion-cooking techniques: applications, theory and sustainability. 
John Wiley & Sons. 
Mosha, T. C., & Bennink, M. R. (2005). Protein digestibility‐corrected amino acid scores, 
acceptability and storage stability of ready‐to‐eat supplementary foods for pre‐school age 
children in Tanzania. Journal of the Science of Food and Agriculture, 85(9), 1513-1522. 
Naismith, W. E. F. (1955). Ultracentrifuge studies on soya bean protein. Biochimica et Biophysica 
Acta, 16, 203-210. 
Narayana, K., & Narasinga Rao, M. S. (1982). Functional properties of raw and heat processed 
winged bean (Psophocarpus tetragonolobus) flour. Journal of Food Science, 47(5), 1534-
1538. 
Nellemann, C. (Ed.). (2009). The environmental food crisis: the environment's role in averting 
future food crises: a UNEP rapid response assessment. UNEP/Earthprint. 
Nestares, T., López-Frías, M., Barrionuevo, M., & Urbano, G. (1996). Nutritional assessment of 
raw and processed chickpea (Cicer arietinum L.) protein in growing rats. Journal of 
Agricultural and Food Chemistry, 44(9), 2760-2765. 
Nidhina, N., & Muthukumar, S. P. (2015). Antinutritional factors and functionality of protein-rich 
fractions of industrial guar meal as affected by heat processing. Food Chemistry, 173, 920-
926. 
 117 
 
Noel, T. R., & Ring, S. G. (1992). A study of the heat capacity of starch/water mixtures. 
Carbohydrate Research, 227, 203-213. 
Nosworthy, M. G., & House, J. D. (2017). Factors influencing the quality of dietary proteins: 
Implications for pulses. Cereal Chemistry, 94(1), 49-57. 
Nosworthy, M. G., Franczyk, A., Zimoch-Korzycka, A., Appah, P., Utioh, A., Neufeld, J., & 
House, J. D. (2017). Impact of processing on the protein quality of pinto bean (Phaseolus 
vulgaris) and Buckwheat (Fagopyrum esculentum Moench) flours and blends, as 
determined by in vitro and in vivo Methodologies. Journal of Agricultural and Food 
Chemistry, 65(19), 3919-3925. 
Nosworthy, M. G., Medina, G., Franczyk, A. J., Neufeld, J., Appah, P., Utioh, A., ... & House, J. 
D. (2018). Effect of Processing on the In vitro and In vivo Protein Quality of Beans 
(Phaseolus vulgaris and Vicia Faba). Nutrients, 10(6), 671. 
Nosworthy, M. G., Neufeld, J., & House, J. D. (2016). Determination of the in vivo and in vitro 
protein quality of pulse protein concentrates and isolates. The Federal of American 
Societies for Biology Journal, 30(1_Supplement), 421-6. 
Nosworthy, M. G., Neufeld, J., Frohlich, P., Young, G., Malcolmson, L., & House, J. D. (2017). 
Determination of the protein quality of cooked Canadian pulses. Food Science and 
Nutrition, 5(4), 896-903. 
Nwabueze, T. U. (2007). Nitrogen solubility index and amino acid profile of extruded African 
breadfruit (T. africana) blends. Nigeria Food Journal, 25(1), 23-35. 
O’Brien, J. & Morrissey, P.A. (1989). Nutritional and toxicological aspects of the Maillard 
browning reactions in foods. Critical Review in Food Science and Nutrition, 28(3), 211–
248. 
Oke, M. O., Awonorin, S. O., Sanni, L. O., Asiedu, R., & Aiyedun, P. O. (2013). Effect of 
extrusion variables on extrudates properties of water yam flour–a response surface 
analysis. Journal of Food Processing and Preservation, 37(5), 456-473. 
Okechukwu, P. E., & Anandha Rao, M. (1996). Kinetics of cowpea starch gelatinization based on 
granule swelling. Starch‐Stärke, 48(2), 43-47. 
Onwulata, C. I., & Konstance, R. P. (2006). Extruded corn meal and whey protein concentrate: 
Effect of particle size. Journal of Food Processing and Preservation, 30(4), 475-487. 
 118 
 
Onwulata, C. I., Konstance, R. P., Cooke, P. H., & Farrell, H. M. (2003). Functionality of 
extrusion—texturized whey proteins 1. Journal of Dairy Science, 86(11), 3775-3782. 
Onwulata, C. I., Konstance, R. P., Smith, P. W., & Holsinger, V. H. (1998). Physical properties of 
extruded products as affected by cheese whey. Journal of Food Science, 63(5), 814-818. 
Onwulata, C. I., Smith, P. W., Konstance, R. P., & Holsinger, V. H. (2001). Incorporation of whey 
products in extruded corn, potato or rice snacks. Food Research International, 34(8), 679-
687. 
Osen, R., & Schweiggert-Weisz, U. (2015). High-Moisture Extrusion: Meat Analogues. 
Otto, T., Baik, B. K., & Czuchajowska, Z. (1997). Microstructure of seeds, flours, and starches of 
legumes. Cereal Chemistry, 74(4), 445–451. 
Owen, A. J., & Jones, R. A. L. (1998). Rheology of a simultaneously phase-separating and gelling 
biopolymer mixture. Macromolecules, 31(21), 7336-7339. 
Owusu-Ansah, J., Van de Voort, F. R., & Stanley, D. W. (1984). Textural and microstructural 
changes in corn starch as a function of extrusion variables. Canadian Institute of Food 
Science and Technology Journal, 17(2), 65-70. 
Ozcan, S., & Jackson, D. S. (2005). Functionality behavior of raw and extruded corn starch 
mixtures. Cereal Chemistry, 82(2), 223-227. 
Papalamprou, E. M., Doxastakis, G. I., & Kiosseoglou, V. (2010). Chickpea protein isolates 
obtained by wet extraction as emulsifying agents. Journal of the Science of Food and 
Agriculture, 90(2), 304–313. 
Patil, S. S., Brennan, M. A., Mason, S. L., & Brennan, C. S. (2016). The effects of fortification of 
legumes and extrusion on the protein digestibility of wheat-based snack. Foods, 5(2), 26. 
Peat, S., Whelan, W. J., & Thomas, G. J. (1956). 587. The enzymic synthesis and degradation of 
starch. Part XXII. Evidence of multiple branching in waxy-maize starch. A correction. 
Journal of the Chemical Society (Resumed), 3025-3030. 
Pham, C. B., & ROSARIO, R. D. (1984). Studies on the development of texturized vegetable 
products by the extrusion process. II. Effects of extrusion variables on the available lysine, 
total and reducing sugars. International Journal of Food Science & Technology, 19(5), 
549-559. 
 119 
 
Pires, C. V., Oliveira, M. D. A., Rosa, J. C., & Costa, N. M. B. (2006). Qualidade nutricional e 
escore químico de aminoácidos de diferentes fontes protéicas. Ciência e Tecnologia de 
Alimentos, 26(1), 179-187. 
Planttner, B. (2005). Impact of Energy on Product Properties. 2005 Applied Extrusion Workshop, 
University of Nebraska-Lincoln, NE, USA. 
Planttner, B. (2007). Twin screw extruders. In Extruders and Expanders in Pet Food, Aquatic and 
Livestock Feeds (pp. 227-262). Agrimedia GmbH, Clenze, Germany. 
Prell, J., White, J. P., Bourdes, A., Bunnewell, S., Bongaerts, R. J., & Poole, P. S. (2009). Legumes 
regulate Rhizobium bacteroid development and persistence by the supply of branched-
chain amino acids. Proceedings of the National Academy of Sciences, 106(30), 12477-
12482. 
Purwanti, N., van der Goot, A. J., Boom, R., & Vereijken, J. (2010). New directions towards 
structure formation and stability of protein-rich foods from globular proteins. Trends in 
Food Science & Technology, 21(2), 85-94. 
Qiu, S., Yadav, M. P., Zhu, Q., Chen, H., Liu, Y., & Yin, L. (2017). The addition of corn fiber 
gum improves the long-term stability and retrogradation properties of corn starch. Journal 
of Cereal Science, 76, 92-98. 
Raghavendra, S. N., Swamy, S. R., Rastogi, N. K., Raghavarao, K. S. M. S., Kumar, S., & 
Tharanathan, R. N. (2006). Grinding characteristics and hydration properties of coconut 
residue: a source of dietary fiber. Journal of Food Engineering, 72(3), 281-286. 
Rapid Visco Analyzer Application & Methods. (2015). Perten Instruments. Retrieved from 
https://www.perten.com/Global/Brochures/RVA/RVA%20Method%20Brochure_201511
10.pdf. 
Rausch, D. I. T. (2009). Influence of Extrusion Parameters and Recipe Compounds on Flavor 
Formation and its Detection and Quantification. Technical University of Berlin, Berlin 
(Doctoral desertation).  
Rebello, C. J., Greenway, F. L., & Finley, J. W. (2014). Whole grains and pulses: A comparison 
of the nutritional and health benefits. Journal of Agricultural and Food Chemistry, 62(29), 
7029-7049. 
 120 
 
Reddy, M. K., Kuna, A., Devi, N. L., Krishnaiah, N., Kaur, C., & Nagamalleswari, Y. (2014). 
Development of extruded Ready-To-Eat (RTE) snacks using corn, black gram, roots and 
tuber flour blends. Journal of Food Science and Technology, 51(9), 1929-1937. 
Riaz M. N. (Ed.) (2000). Selecting the right extruder. In: Extrusion Cooking:Techonologies and 
Applications (pp. 29-30). Boca Raton, CRC Press, FL.  
Riaz, M. N. (Ed.) (2000). Introduction to extruders and their principles. In: Extruders in Food 
Applications. (pp. 1-23). Boca Raton, CRC Press, FL. 
Riaz, M. N., Rokey G. J. (Eds.). (2011). Impact of protein, starch, fat and fiber on extruded foods 
and feeds. In: Extrusion problems solved (pp. 43-53). Woodhead Publishing, Cambridge, 
UK.  
Rimamcwe, K. B., Chavan, U. D., Pawar, G. H., & Gaikwad, R. S. (2017). Nitrogen Solubility 
and Functional Properties of Roselle Seed Flour. International Journal of Current 
Microbiology and Applied Sciences, 6(8), 1131-1139. 
Rodríguez-Miranda, J., Gómez-Aldapa, C. A., Castro-Rosas, J., Ramírez-Wong, B., Vivar-Vera, 
M. A., Morales-Rosas, I., ... & Delgado, E. (2014). Effect of extrusion temperature, 
moisture content and screw speed on the functional properties of aquaculture balanced 
feed. Emirates Journal of Food and Agriculture, 26(8), 659. 
Rokey, G. J. and Plattner, B. (n.d.). Extrusion and other terminal agglomeration technologies. 
Retrieved from http://baltivet.com/files/1214/1709/4495/1-2_Extrusion.pdf 
Rosell, C., Foegeding, A., 2007. Interaction of hydroxypropylmethylcellulose with gluten 
proteins: small deformation properties during thermal treatment. Food Hydrocolloids 
21(7), 1092–1100. 
Rosenberg, I., Tilahun, J., Schlossman, N., Bagriansky, J., Johnson, Q., Webb, P., ... & Masterson, 
A. R. (2011). Nutritional enhancement of US Title II food aid products. Food and Nutrition 
Bulletin, 32(3_supplement3), S134-S151. 
Roy, F., Boye, J. I., & Simpson, B. K. (2010). Bioactive proteins and peptides in pulse crops: Pea, 
chickpea and lentil. Food Research International, 43(2), 432–442. 
Ryu, G. H., & Ng, P. K. W. (2001). Effects of selected process parameters on expansion and 
mechanical properties of wheat flour and whole cornmeal extrudates. Starch‐Stärke, 53(3‐
4), 147-154. 
 121 
 
Sacchetti, G., Pinnavaia, G. G., Guidolin, E., & Dalla Rosa, M. (2004). Effects of extrusion 
temperature and feed composition on the functional, physical and sensory properties of 
chestnut and rice flour-based snack-like products. Food Research International, 37(5), 
527-534. 
Sahni, C., Gupta, R. K., & Nand, P. (2014). Insignificant viability of the granules of probiotic and 
prebiotic with skimmed milk powder. Biomedicine & Preventive Nutrition, 4(4), 603-605. 
Sahyoun, N. R., Jacques, P. F., Zhang, X. L., Juan, W., & McKeown, N. M. (2006). Whole-grain 
intake is inversely associated with the metabolic syndrome and mortality in older adults–. 
The American Journal of Clinical Nutrition, 83(1), 124-131. 
Sauberlich, H. E., Chang, W. Y., & Salmon, W. D. (1953). The comparative nutritive value of 
corn of high and low protein content for growth in the rat and chick. The Journal of 
Nutrition, 51(4), 623-635. 
Schwenke, K. D. (2001). Reflections about the functional potential of legume proteins: A review. 
Food/Nahrung, 45(6), 377-381. 
Sebio, L., & Chang, Y. K. (2000). Effects of selected process parameters in extrusion of yam flour 
(Dioscorea rotundata) on physicochemical properties of the extrudates. Food/Nahrung, 
44(2), 96-101. 
Sengupta, T., & Damodaran, S. (1998). Role of dispersion interactions in the adsorption of proteins 
at oil-water and air-water interfaces. Langmuir, 14(22), 6457-6469. 
Senti, F. R. (1974). Soy protein foods in US assistance programs. Journal of the American Oil 
Chemists' Society, 51(1Part2), 138A-140A. 
Seth, D., Badwaik, L. S., & Ganapathy, V. (2015). Effect of feed composition, moisture content 
and extrusion temperature on extrudate characteristics of yam-corn-rice based snack food. 
Journal of Food Science and Technology, 52(3), 1830-1838. 
Shafie, B., Cheng, S. C., Lee, H. H., & Yiu, P. H. (2016). Characterization and classification of 
whole-grain rice based on rapid visco analyzer (RVA) pasting profile. International Food 
Research Journal, 23(5). 
Sharma, P., Gujral, H. S., & Singh, B. (2012). Antioxidant activity of barley as affected by 
extrusion cooking. Food Chemistry, 131(4), 1406–1413. 
 122 
 
Shen, L., Foster, J. G., & Orcutt, D. M. (1989). Composition and distribution of free amino acids 
in flatpea (Lathyrus sylvestris L.) as influenced by water deficit and plant age. Journal of 
Experimental Botany, 40, 71-79. 
Shin, B. C., Huggins, J. W., & Carraway, K. L. (1972). Effects of pH, concentration and aging on 
the malonaldehyde reaction with proteins. Lipids, 7(4), 229-233. 
Singh, D., Chauhan, G.S., Suresh, I. & Tyagi, S.M. (2000). Nutritional quality of extruded snakes 
developed from composite of rice broken and wheat bran. International Journal of Food 
Properties, 3(3), 421–431. 
Singh, N., Sandhu, K. S., & Kaur, M. (2004). Characterization of starches separated from Indian 
chickpea (Cicer arietinum L.) cultivars. Journal of Food Engineering, 63(4), 441-449. 
Singh, S., Gamlath, S., & Wakeling, L. (2007). Nutritional aspects of food extrusion: a review. 
International Journal of Food Science & Technology, 42(8), 916-929. 
Singh, S., Wakeling, L., & Gamlath, S. (2007). Retention of essential amino acids during extrusion 
of protein and reducing sugars. Journal of Agricultural and Food Chemistry, 55(21), 8779-
8786. 
Singkhornart, S., Lee, S. G., & Ryu, G. H. (2013). Influence of twin‐screw extrusion on soluble 
arabinoxylans and corn fiber gum from corn fiber. Journal of the Science of Food and 
Agriculture, 93(12), 3046-3054. 
Sobukola, O. P., Babajide, J. M., & Ogunsade, O. (2013). Effect of brewers spent grain addition 
and extrusion parameters on some properties of extruded yam starch-based pasta. Journal 
of Food Processing and Preservation, 37(5), 734-743. 
Soliman, A. K., Jauncey, K., & Roberts, R. J. (1987). Stability of L-ascorbic acid (vitamin C) and 
its forms in fish feeds during processing, storage and leaching. Aquaculture, 60(1), 73-83. 
Souza, R. C., & Andrade, C. T. (2002). Investigation of the gelatinization and extrusion processes 
of corn starch. Advances in Polymer Technology: Journal of the Polymer Processing 
Institute, 21(1), 17-24. 
Srichuwong, S., Sunarti, T. C., Mishima, T., Isono, N., & Hisamatsu, M. (2005). Starches from 
different botanical sources II: Contribution of starch structure to swelling and pasting 
properties. Carbohydrate Polymers, 62(1), 25-34. 
Statistics Canada. (2015, Nov 30). Pulses in Canada. Retrieved from 
https://www150.statcan.gc.ca/n1/pub/96-325-x/2014001/article/14041-eng.htm. 
 123 
 
Steinfeld, H., Gerber, P., Wassenaar, T. D., Castel, V., & de Haan, C. (2006). Livestock's long 
shadow: environmental issues and options. Retrieved from 
http://www.europarl.europa.eu/climatechange/doc/FAO%20report%20executive%20sum
mary.pdf. 
Tang, J., & Ding, X. L. (1994). Relationship between functional properties and macromolecular. 
Cereal Chemistry, 71(4), 364-369. 
Teixeira, C., Faria, R., Covas, J., & Gaspar-Cunha, A. (2006). Solving the twin screw extrusion 
configuration problem: A plasticating modelling program. Proceedings of the 5th 
International Conference on Engineering Computational Technology. 10.4203/ccp.84.23. 
Tester, R. F., & Debon, S. J. (2000). Annealing of starch—a review. International journal of 
biological macromolecules, 27(1), 1-12. 
Thebaudin, J. Y., Lefebvre, A. C., Harrington, M., & Bourgeois, C. M. (1997). Dietary fibres: 
nutritional and technological interest. Trends in Food Science & Technology, 8(2), 41-48. 
Thorne, M. J., Thompson, L. U., & Jenkins, D. J. (1983). Factors affecting starch digestibility and 
the glycemic response with special reference to legumes. The American Journal of Clinical 
Nutrition, 38(3), 481-488. 
Tiwari, B. K., and Singh, N. (2012). Pulse Chemistry and Technology. Royal Society of Chemistry, 
Cambridge, UK.  
Torrezan, R., Tham, W. P., Bell, A. E., Frazier, R. A., & Cristianini, M. (2007). Effects of high 
pressure on functional properties of soy protein. Food Chemistry, 104(1), 140–147. 
Townsend, A. A., & Nakai, S. (1983). Relationships between hydrophobicity and foaming 
characteristics of food proteins. Journal of Food Science, 48(2), 588-594. 
Troeng, S. (1955). Oil determination of oilseed. Gravimetric routine method. Journal of the 
American Oil Chemists’ Society, 32(3), 124-126. 
USAID. (2017, Feb 1). Types of Emergency Food Assistance. Retrieved from 
https://www.usaid.gov/what-we-do/agriculture-and-food-
security/foodassistance/programs/emergency-programs 
USDA. (2008). USDA Commodity Requirements. Retrieved from 
http://www.fsa.usda.gov/Internet/FSA_File/csb13.pdf 
USDA. (2014). Commodity Requirements CSBP2. Retrieved from 
https://www.fsa.usda.gov/Internet/FSA_File/csbp2.pdf 
 124 
 
Van Lengerich, B. (1990). Influence of extrusion processing on in-line rheological behavior, 
structure, and function of wheat starch. In: Faridi, H., Faubion, J. M., Eds., Dough rheology 
and baked product texture (pp. 421-471). Springer, New York, NY. 
Vasanthan, T., Gaosong, J., Yeung, J., & Li, J. (2002). Dietary fiber profile of barley flour as 
affected by extrusion cooking. Food Chemistry, 77(1), 35-40. 
Wagner, J. R., & Gueguen, J. (1999). Surface functional properties of native, acid-treated, and 
reduced soy glycinin. 2. Emulsifying properties. Journal of Agricultural and Food 
Chemistry, 47(6), 2181-2187. 
Waigh, T. A., Gidley, M. J., Komanshek, B. U., & Donald, A. M. (2000b). The phase 
transformations in starch during gelatinisation: a liquid crystalline approach. Carbohydrate 
Research, 328(2), 165-176. 
Waigh, T. A., Kato, K. L., Donald, A. M., Gidley, M. J., Clarke, C. J., & Riekel, C. (2000a). Side‐
chain liquid‐crystalline model for starch. Starch‐Stärke, 52(12), 450-460. 
Wang, L., Wang, H., Yang, J., Huang, W., Li, H., & Li, T. (2013). Modeling and Analyzing of 
Specific Mechanical Energy in Animal Feed Extrusion Process. Transactions of the 
American Society of Agricultural and Biological Engineers, 56(3), 1035-1041. 
Wang, S. S. (1993). Gelatinization and melting of starch and tribochemistry in extrusion. Starch‐
Stärke, 45(11), 388-390. 
Wang, S., & Copeland, L. (2013). Molecular disassembly of starch granules during gelatinization 
and its effect on starch digestibility: a review. Food and Function, 4(11), 1564-1580. 
Wang, X. S., Tang, C. H., Li, B. S., Yang, X. Q., Li, L., & Ma, C. Y. (2008). Effects of high-
pressure treatment on some physicochemical and functional properties of soy protein 
isolates. Food Hydrocolloids, 22(4), 560-567. 
Wang, Y., Li, D., Wang, L. J., Chiu, Y. L., Chen, X. D., Mao, Z. H., & Song, C. F. (2008). 
Optimization of extrusion of flaxseeds for in vitro protein digestibility analysis using 
response surface methodology. Journal of Food Engineering, 85(1), 59-64. 
Waramboi, J. G., Gidley, M. J., & Sopade, P. A. (2014). Influence of extrusion on expansion, 
functional and digestibility properties of whole sweet potato flour. LWT-Food Science and 
Technology, 59(2), 1136-1145. 
Webb, P. (2011). USAID’s review of food aid quality. Food and Nutrition Bulletin. 32, 131-133. 
 125 
 
Webb, P.(2011). Improving the nutritional quality of US food aid: recommendations for changes 
to products and programs. Retrieved from https://pdf.usaid.gov/pdf_docs/pnadz841.pdf. 
Whalen. (2007). Extruded product and degree of cook. In: Crosbie, G. B., Ross, A. S., Eds., The 
RVA Handbook. (pp. 75-84). St. Paul, MN: AACC International. 
WHO. (1985). Food and Agriculture Organization of the United Nations. (1985). Energy and 
Protein Requirements: Report of a Joint FAO/WHO/UNU Expert Consultation.  
WHO. (1991). Protein Quality Evaluation: Report of the Joint FAO/WHO Expert Consultation, 
Bethesda, Md., USA 4-8 December 1989 (No. 51). Food & Agriculture Organization. 
WHO. (2012). Supplementary foods for the management of moderate acute malnutrition in infants 
and children 6–59 months of age. Retrieved from 
http://www.who.int/nutrition/publications/moderate_malnutrition/9789241504423/en/. 
Wilde, P. J., & Clark, D. C. (1996). Foam formation and stability. Methods of Testing Protein 
Functionality, 1, 110-152. 
Wood, J. A., & Grusak, M. A. (2007). Nutritional value of chickpea. Chickpea Breeding and 
Management, 101-142. 
World Food Programme (WFP). (2017). Overview. Retrieved from http://www.wfp.org/about 
Wrigley, C. W. (2010). An introduction to the cereal grains: major providers for mankind's food 
needs. In: Wrigley, C. W., Batey, I. L., Eds., Cereal Grains: Assessing and Managing 
Quality (pp, 3-23). CRC Press, Boca Raton, FL. 
Yeh, A. I., & Hwang, S. J. (1992). Effect of screw profile on extrusion‐cooking of wheat flour by 
a twin‐screw extruder. International Journal of Food Science and Technology, 27(5), 557-
563. 
Yovchev, A., Stone, A., Hood-Niefer, S., & Nickerson, M. (2017). Influence of the extrusion 
parameters on the physical properties of chickpea and barley extrudates. Food Science and 
Biotechnology, 26(2), 393-399. 
Zayas J. F. (Ed.) (1997). Emulsifying properties of proteins. In: Functionality of Proteins in 
Food (pp. 134-227). Springer, Berlin, Heidelberg 
Zhang, Y., Tan, C., Abbas, S., Eric, K., Zhang, X., Xia, S., & Jia, C. (2014). The effect of soy 
protein structural modification on emulsion properties and oxidative stability of fish oil 
microcapsules. Colloids and Surfaces B: Biointerfaces, 120, 63-70. 
 126 
 
Zhou, L., Yang, Y., Ren, H., Zhao, Y., Wang, Z., Wu, F., & Xiao, Z. (2016). Structural changes 
in rice bran protein upon different extrusion temperatures: A Raman spectroscopy study. 
Journal of Chemistry, 2016. 
Zhou, T. (2016). Residence time and survival studies for Enterococcus faecium as a surrogate for 
Salmonella during preconditioning and extrusion processing of dry expanded pet food. 
Kansas State University, Manhattan, KS (Doctoral dissertation). 
 
  
 127 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX A 
  
 128 
 
Table A.1 Amino acid composition (g per 100 g of flour, on an as is basis) for raw and pre-
cooked chickpea, maize and sorghum flours. 
 
Amino acids Raw flour  Pre-cooked flours 
   Moisture 20% Moisture 24% 
 120oC 150oC 120oC 150oC 
       
a) Chickpea 
% Protein1 20.86  20.14 20.00 19.64 20.00 
% Moisture 10.04  3.5 3.16 4.36 3.62 
Aspartic Acid 2.30  1.98 1.92 1.89 1.92 
Glutamic Acid 3.43  2.86 2.82 2.79 2.83 
Serine 1.17  0.90 0.88 0.88 0.89 
Glycine 0.82  0.57 0.56 0.55 0.56 
Histidine‡ 0.46  0.36 0.36 0.38 0.37 
Arginine 1.82  1.39 1.39 1.38 1.42 
Threonine‡ 0.64  0.62 0.61 0.61 0.62 
Alanine 0.92  0.63 0.62 0.61 0.62 
Proline 0.97  0.70 0.70 0.70 0.67 
Tyrosine 0.55  0.49 0.50 0.50 0.49 
Valine‡ 0.85  0.59 0.60 0.58 0.61 
Methionine*‡ 0.20  0.28 0.28 0.28 0.29 
Cysteine* 0.29  0.24 0.25 0.25 0.25 
Isoleucine‡ 0.78  0.62 0.63 0.60 0.64 
Leucine‡ 1.47  1.24 1.22 1.19 1.22 
Phenylalanine‡ 1.15  1.00 0.98 0.96 0.99 
Lysine‡ 1.20  1.09 1.08 1.09 1.08 
Tryptophan‡ 0.23  0.19 0.20 0.21 0.20 
       
       
b) Sorghum 
% Protein1 9.42  10.05 9.81 9.70 9.72 
% Moisture 10.00  4.47 4.23 4.78 4.33 
Aspartic Acid 0.60  0.59 0.54 0.55 0.54 
Glutamic Acid 1.94  1.81 1.68 1.68 1.69 
Serine 0.46  0.37 0.37 0.39 0.37 
Glycine 0.30  0.25 0.23 0.23 0.23 
Histidine‡ 0.17  0.16 0.15 0.15 0.15 
Arginine 0.43  0.34 0.31 0.31 0.31 
Threonine‡ 0.28  0.28 0.27 0.27 0.27 
Alanine 0.86  0.68 0.65 0.65 0.66 
Proline 0.94  0.68 0.66 0.68 0.66 
Tyrosine 0.30  0.34 0.34 0.33 0.33 
Valine‡ 0.43  0.40 0.36 0.33 0.36 
Methionine*‡ 0.12  0.17 0.17 0.17 0.16 
Cysteine* 0.15  0.15 0.13 0.15 0.14 
Isoleucine‡ 0.33  0.35 0.30 0.29 0.31 
Leucine‡ 1.19  1.12 1.05 1.04 1.06 
Phenylalanine‡ 0.47  0.47 0.44 0.43 0.44 
Lysine‡ 0.16  0.18 0.15 0.17 0.17 
Tryptophan‡ 0.12  0.10 0.10 0.09 0.10 
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Table A.1  (cont.) 
 
Amino acids Raw flour  Pre-cooked flours 
   Moisture 20% Moisture 24% 
 120oC 150oC 120oC 150oC 
       
c) Maize 
% Protein1 7.64  7.82 7.84 7.78 7.81 
% Moisture 10.16  3.62 2.80 3.64 2.95 
Aspartic Acid 0.49  0.47 0.45 0.48 0.48 
Glutamic Acid 1.15  1.08 1.07 1.09 1.10 
Serine 0.35  0.33 0.32 0.32 0.30 
Glycine 0.28  0.26 0.25 0.27 0.26 
Histidine‡ 0.17  0.16 0.15 0.16 0.17 
Arginine 0.45  0.37 0.34 0.38 0.38 
Threonine‡ 0.23  0.23 0.23 0.23 0.23 
Alanine 0.50  0.39 0.39 0.40 0.40 
Proline 0.70  0.51 0.50 0.50 0.50 
Tyrosine 0.20  0.26 0.24 0.25 0.24 
Valine‡ 0.30  0.26 0.24 0.30 0.32 
Methionine*‡ 0.11  0.16 0.15 0.16 0.16 
Cysteine* 0.14  0.14 0.14 0.14 0.15 
Isoleucine‡ 0.20  0.19 0.18 0.22 0.23 
Leucine‡ 0.70  0.65 0.63 0.66 0.67 
Phenylalanine‡ 0.30  0.29 0.29 0.30 0.30 
Lysine‡ 0.19  0.21 0.18 0.23 0.22 
Tryptophan‡ 0.08  0.07 0.07 0.08 0.07 
       
Notes: 
(1) Percent protein on a wet basis; *, sulfur amino acid; ‡, essential amino acids. 
Measurements were preformed once on the composite blend from two extrusion processing runs. 
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Table A.2 Essential amino acid concentration (mg/g protein) for raw and pre-cooked flours as 
a function of moisture and barrel temperature for chickpea, sorghum and maize. 
 
Flours  Amino acids 
 
THR VAL MET 
 +  
CYS 
ILE LEU PHE  
+  
TYR 
 
HIS LYS TRP 
          
Chickpea          
Raw flour 31 41 23 37 70 82 22 58 11 
Pre-cooked flour          
120oC, 20% 31 29 26 31 61 74 18 54 10 
120oC, 24% 31 30 27 31 61 75 19 56 10 
150oC, 20% 31 30 27 31 61 74 18 54 10 
150oC, 24% 31 31 27 32 61 74 18 54 10 
          
Sorghum          
Raw flour 30 46 29 35 126 82 18 17 13 
Pre-cooked flour          
120oC, 20% 27 40 32 34 111 80 16 18 10 
120oC, 24% 27 34 33 30 107 77 15 17 10 
150oC, 20% 28 36 30 30 107 79 15 15 10 
150oC, 24% 27 37 31 32 110 80 16 17 10 
          
Maize          
Raw flour 33 44 36 29 102 73 25 28 12 
Pre-cooked flour          
120oC, 20% 30 33 38 25 83 70 20 27 9 
120oC, 24% 30 39 38 28 85 71 21 30 10 
150oC, 20% 29 30 37 23 80 68 19 22 9 
150oC, 24% 30 40 39 29 86 70 21 28 9 
          
FAO reference 34 35 25 28 66 63 19 58 11 
          
Notes: 
Abbreviations: THR (threonine); CYS (cysteine); VAL (valine); MET (methionine); ILE (isoleucine); LEU (leucine); 
TYR (tyrosine); PHE (phenylalanine); HIS (histidine); LYS (lysine); and TRP (tryptophan). 
Measurements were preformed once on the composite blend from two extrusion processing runs. 
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Table A.3 Amino acid scores for raw and pre-cooked flours as a function of moisture and barrel 
temperature for chickpea, sorghum and maize. 
 
Flours  Amino acids 
 
THR VAL MET  
+  
CYS 
ILE LEU PHE  
+  
TYR 
 
HIS LYS TRP 
          
Chickpea          
Raw flour *0.90 1.16 0.94 1.34 1.07 1.29 1.16 0.99 1.00 
Pre-cooked flour          
120oC, 20% 0.91 *0.84 1.04 1.10 0.93 1.17 0.93 0.93 0.87 
120oC, 24% 0.91 *0.84 1.07 1.10 0.92 1.19 1.01 0.96 0.95 
150oC, 20% 0.90 *0.86 1.06 1.12 0.92 1.17 0.94 0.93 0.92 
150oC, 24% 0.91 *0.87 1.06 1.13 0.92 1.17 0.96 0.93 0.91 
          
Sorghum          
Raw flour 0.87 1.30 1.15 1.25 1.91 1.30 0.95 *0.29 1.16 
Pre-cooked flour          
120oC, 20% 0.81 1.14 1.27 1.23 1.68 1.27 0.82 *0.31 0.89 
120oC, 24% 0.80 0.98 1.30 1.06 1.62 1.23 0.82 *0.30 0.87 
150oC, 20% 0.81 1.03 1.22 1.08 1.62 1.26 0.81 *0.26 0.92 
150oC, 24% 0.80 1.06 1.24 1.13 1.66 1.27 0.82 *0.30 0.91 
          
Maize          
Raw flour 0.98 1.25 1.46 1.04 1.54 1.16 1.30 *0.48 1.06 
Pre-cooked flour          
120oC, 20% 0.88 0.95 1.54 0.88 1.26 1.22 1.04 *0.47 0.83 
120oC, 24% 0.88 1.11 1.54 1.01 1.29 1.24 1.09 *0.51 0.87 
150oC, 20% 0.87 0.86 1.48 0.81 1.34 1.21 0.99 *0.38 0.85 
150oC, 24% 0.88 1.15 1.56 1.03 1.43 1.30 1.13 *0.49 0.81 
          
Notes: 
Abbreviations: THR (threonine); CYS (cysteine); VAL (valine); MET (methionine); ILE (isoleucine); LEU (leucine); 
TYR (tyrosine); PHE (phenylalanine); HIS (histidine); LYS (lysine); and TRP (tryptophan). 
Measurements were preformed once on the composite blend from two extrusion processing runs. 
 (*) Indicates the first limiting amino acid. 
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Table B.1  Amino acid composition (g per 100 g of flour, on an as is basis) for raw chickpea, sorghum and maize flours, and 
chickpea: sorghum and chickpea: maize blends as a function of blending ratio (by mass). 
 
Amino acids Flour  Chickpea: sorghum blend  Chickpea: maize blend 
 Chickpea Sorghum Maize  5:5 6:4 7:3 8:2  5:5 6:4 7:3 8:2 
              
              
% Protein1 20.86 9.42 6.87  15.18 16.30 17.26 18.39  13.74 15.18 16.45 17.78 
% Moisture 10.04 10.00 10.16  10.11 10.03 9.76 9.89  10.32 10.04 9.93 9.83 
Aspartic Acid 2.30 0.60 0.49  1.41 1.68 1.79 1.96  1.39 1.56 1.78 2.00 
Glutamic Acid 3.43 1.94 1.15  2.66 2.94 3.04 3.16  2.31 2.53 2.95 3.00 
Serine 1.17 0.46 0.35  0.81 0.91 0.97 1.04  0.76 0.86 1.06 1.02 
Glycine 0.82 0.30 0.28  0.56 0.65 0.69 0.75  0.56 0.62 0.65 0.72 
Histidine‡ 0.46 0.17 0.17  0.33 0.37 0.39 0.43  0.33 0.37 0.65 0.42 
Arginine 1.82 0.43 0.45  1.07 1.23 1.32 1.53  1.09 1.22 1.39 1.49 
Threonine‡ 0.64 0.28 0.23  0.43 0.47 0.51 0.55  0.42 0.46 0.51 0.55 
Alanine 0.92 0.86 0.50  0.87 0.90 0.92 0.91  0.70 0.73 0.72 0.81 
Proline 0.97 0.94 0.70  0.94 0.98 0.98 1.05  0.82 0.87 1.07 0.84 
Tyrosine 0.55 0.30 0.20  0.41 0.44 0.44 0.50  0.38 0.42 0.50 0.45 
Valine‡ 0.85 0.43 0.30  0.61 0.70 0.72 0.75  0.56 0.62 0.69 0.73 
Methionine*‡ 0.20 0.12 0.11  0.16 0.17 0.18 0.20  0.16 0.17 0.19 0.19 
Cysteine* 0.29 0.15 0.14  0.18 0.19 0.20 0.23  0.22 0.23 0.25 0.22 
Isoleucine‡ 0.78 0.33 0.20  0.55 0.63 0.66 0.70  0.49 0.55 0.65 0.67 
Leucine‡ 1.47 1.19 0.70  1.34 1.40 1.43 1.44  1.11 1.18 1.29 1.32 
Phenylalanine‡ 1.15 0.47 0.30  0.81 0.91 0.95 1.02  0.73 0.82 0.94 0.94 
Lysine‡ 1.20 0.16 0.19  0.68 0.82 0.90 0.99  0.69 0.81 1.09 0.96 
Tryptophan‡ 0.23 0.12 0.08  0.18 0.19 0.20 0.21  0.16 0.17 0.20 0.20 
              
Notes: 
*, sulfur amino acid. ‡, essential amino acids. 
Measurements were preformed once on flour or blend flour 
  
1
3
3
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Table B.2 Essential amino acid concentration (mg/g protein) and amino acid score for raw 
chickpea, sorghum and maize flours, and chickpea: sorghum and chickpea: maize 
blends as a function of blending ratio (by mass). 
Flours  Amino acids 
THR VAL MET + 
CYS 
ILE LEU PHE + 
TYR 
HIS LYS TRP 
          
a) Essential amino acid concentration (mg/g protein) 
 
Chickpea 30.68 40.75 23.49 37.40 73.13 84.58 22.05 59.70 11.44 
Sorghum 29.72 45.65 28.66 35.03 126.33 81.74 18.05 16.99 12.74 
Maize 33.48 43.67 36.39 29.11 101.89 72.78 24.75 27.66 11.64 
 
Chickpea: sorghum 
5: 5 28.33 40.18 22.40 36.23 95.71 87.14 21.74 48.57 12.86 
6: 4 28.84 42.95 22.09 38.66 93.65 90.30 22.70 54.85 12.71 
7: 3 30.12 41.71 26.07 40.55 87.50 91.67 38.23 63.69 12.50 
8: 2 29.91 40.79 23.38 38.07 82.95 87.56 23.38 57.03 12.10 
 
Chickpea: maize 
5: 5 30.56 40.74 27.65 35.65 87.13 87.13 24.01 54.16 12.56 
6: 4 30.31 40.85 26.36 36.24 82.75 86.96 24.38 56.80 11.92 
7: 3 31.00 41.94 26.75 39.51 81.59 91.08 39.51 68.94 12.65 
8: 2 30.93 41.05 23.06 37.68 78.38 82.54 23.62 57.01 11.88 
 
FAO reference 34 35 25 28 66 63 19 58 11 
          
          
b) Amino acid score 
 
Chickpea 0.90* 1.16 0.94 1.34 1.07 1.29 1.16 0.99 1.00 
Sorghum 0.87 1.30 1.15 1.25 1.91 1.30 0.95 0.29* 1.16 
Maize 0.98 1.25 1.46 1.04 1.54 1.16 1.30 0.48* 1.06 
 
Chickpea: sorghum 
5: 5 0.83 1.15 0.90 1.29 1.34 1.28 1.14 0.77* 1.08 
6: 4 0.85* 1.23 0.88 1.38 1.30 1.31 1.19 0.87 1.06 
7: 3 0.89* 1.19 1.04 1.45 1.29 1.42 2.01 1.07 1.11 
8: 2 0.88* 1.17 0.94 1.36 1.19 1.31 1.23 0.93 1.04 
 
Chickpea: maize 
5: 5 0.90 1.16 1.11 1.27 1.22 1.28 1.26 0.87* 1.06 
6: 4 0.89* 1.17 1.05 1.29 1.18 1.30 1.28 0.92 1.02 
7: 3 0.91* 1.20 1.07 1.41 1.19 1.39 2.08 1.14 1.11 
8: 2 0.91* 1.17 0.92 1.35 1.12 1.24 1.24 0.93 1.02 
          
Notes: 
Abbreviations: THR (threonine); CYS (cysteine); VAL (valine); MET (methionine); ILE 
(isoleucine); LEU (leucine); TYR (tyrosine); PHE (phenylalanine); HIS (histidine); LYS 
(lysine); and TRP (tryptophan). 
Measurements were preformed once on the composite blend from two extrusion processing runs. 
(*) Indicates the first limiting amino acid. 
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Table B.3  Amino acid composition (g per 100 g of flour, on an as is basis) for raw and pre-
cooked chickpea: sorghum and chickpea: maize flour blends at a 6: 4 ratio.  
Amino acids Raw flour  Pre-cooked flour 
   Moisture 20% Moisture 24% 
 120oC 150oC 120oC 150oC 
a) Chickpea: Sorghum 
% Protein1 16.30  16.37 16.81 16.20 16.59 
% Moisture 10.03  4.12 2.27 4.33 2.62 
Aspartic Acid 1.68  1.40 1.55 1.37 1.40 
Glutamic Acid 2.94  2.40 2.47 2.32 2.43 
Serine 0.91  0.68 0.69 0.70 0.72 
Glycine 0.65  0.44 0.46 0.43 0.43 
Histidine‡ 0.37  0.30 0.31 0.27 0.29 
Arginine 1.23  0.98 1.00 0.97 0.98 
Threonine‡ 0.47  0.48 0.49 0.47 0.48 
Alanine 0.90  0.63 0.67 0.64 0.65 
Proline 0.98  0.66 0.70 0.68 0.70 
Tyrosine 0.44  0.40 0.43 0.42 0.43 
Valine‡ 0.70  0.57 0.59 0.47 0.49 
Methionine*‡ 0.17  0.24 0.24 0.23 0.25 
Cysteine* 0.19  0.23 0.22 0.22 0.23 
Isoleucine‡ 0.63  0.57 0.60 0.47 0.49 
Leucine‡ 1.40  1.19 1.23 1.15 1.17 
Phenylalanine‡ 0.91  0.79 0.82 0.77 0.78 
Lysine‡ 0.82  0.74 0.72 0.69 0.69 
Tryptophan‡ 0.19  0.16 0.16 0.16 0.15 
       
b) Chickpea: maize 
% Protein1 15.18  15.59 15.90 14.90 15.60 
% Moisture 10.04  4.19 3.13 5.65 3.35 
Aspartic Acid 1.56  1.43 1.42 1.36 1.39 
Glutamic Acid 2.53  2.21 2.24 2.14 2.20 
Serine 0.86  0.45 0.47 0.44 0.45 
Glycine 0.62  0.45 0.47 0.44 0.45 
Histidine‡ 0.37  0.29 0.32 0.29 0.29 
Arginine 1.22  1.02 1.03 1.02 1.01 
Threonine‡ 0.46  0.47 0.48 0.46 0.47 
Alanine 0.73  0.55 0.56 0.53 0.54 
Proline 0.87  0.64 0.64 0.62 0.65 
Tyrosine 0.42  0.41 0.40 0.41 0.41 
Valine‡ 0.62  0.48 0.47 0.51 0.47 
Methionine*‡ 0.17  0.25 0.23 0.23 0.23 
Cysteine* 0.23  0.22 0.21 0.21 0.22 
Isoleucine‡ 0.55  0.47 0.56 0.49 0.47 
Leucine‡ 1.18  1.03 1.09 1.02 1.02 
Phenylalanine‡ 0.82  0.73 0.78 0.72 0.74 
Lysine‡ 0.81  0.76 0.72 0.75 0.71 
Tryptophan‡ 0.17  0.16 0.15 0.15 0.14 
       
Notes: 
*, sulfur amino acid. ‡, essential amino acids. 
Measurements were preformed once on the composite blend from two extrusion processing runs. 
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Table B.4 Essential amino acid concentration (mg/g protein) and amino acid score for raw and 
pre-cooked chickpea: sorghum and chickpea: maize flour blends at a 6: 4 ratio.  
Flours  Amino acids 
THR VAL MET + 
CYS 
ILE LEU PHE + 
TYR 
HIS LYS TRP 
          
b) Essential amino acid concentration (mg/g protein) 
          
Chickpea: sorghum 
Raw flour 29 43 22 39 86 83 23 50 12 
Pre-cooked flour          
120oC, 20% 29 35 29 35 73 73 18 45 10 
120oC, 24% 29 29 28 29 71 73 17 43 10 
150oC, 20% 29 35 27 35 73 74 18 43 9 
150oC, 24% 29 30 29 30 71 73 17 42 9 
          
Chickpea: Maize 
Raw flour 30 41 26 36 78 82 24 53 11 
Pre-cooked flour          
120oC, 20% 30 31 30 30 66 74 19 49 10 
120oC, 24% 31 34 30 33 68 75 20 50 10 
150oC, 20% 30 30 28 35 68 74 20 46 10 
150oC, 24% 30 30 29 30 65 74 19 45 9 
          
FAO reference 34 35 25 28 66 63 19 58 11 
          
          
b) Amino acid score 
          
Chickpea: sorghum 
Raw flour *0.85 1.23 0.88 1.38 1.3 1.31 1.19 0.87 1.06 
Pre-cooked flour          
120oC, 20% 0.86 1.00 1.14 1.24 1.11 1.15 0.96 *0.78 0.87 
120oC, 24% 0.85 0.82 1.12 1.03 1.07 1.17 0.88 *0.74 0.88 
150oC, 20% 0.86 1.01 1.08 1.27 1.11 1.18 0.96 *0.74 0.85 
150oC, 24% 0.86 0.85 1.16 1.06 1.07 1.16 0.91 *0.72 0.85 
          
Chickpea: Maize 
Raw flour *0.89 1.17 1.05 1.29 1.18 1.3 1.28 0.92 1.02 
Pre-cooked flour          
120oC, 20% 0.89 0.89 1.19 1.08 1.00 1.17 0.99 *0.84 0.91 
120oC, 24% 0.90 0.97 1.19 1.17 1.03 1.20 1.03 *0.87 0.93 
150oC, 20% 0.90 0.84 1.10 1.26 1.04 1.18 1.05 *0.79 0.87 
150oC, 24% 0.89 0.86 1.16 1.08 0.99 1.17 0.99 *0.78 0.81 
          
Notes: 
Abbreviations: THR (threonine); CYS (cysteine); VAL (valine); MET (methionine); ILE 
(isoleucine); LEU (leucine); TYR (tyrosine); PHE (phenylalanine); HIS (histidine); LYS 
(lysine); and TRP (tryptophan). 
Measurements were preformed once on the composite blend from two extrusion processing runs. 
(*) Indicates the first limiting amino acid. 
 
